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l NTRODUCTION 

This state-of-the-art  review was prepared at  the request  of the 
Shock Physicr  Directorate, DACik, to provide the following: 

1. A definition of the present level of blast and shock measure -  
ment instrumentation development 

2 ,  A survey of the instrumentation sys tems now available and 
being used 

3. A medium for the exchange of information among agencies 
and individuals engaged i .l developmental work 

4. A document with insight into the field for the interested 
engineer o r  scientist  who ha8 had little previous contact with 
blast  phenomenology o r  blast and shock mearurement.  

With the above in mind, the mater ia l  in this  review i s  organized 
to give the reader  f i r s t  an overview of the phenomena associated with 
an  explosive detonation, and theri an introduction to  methods and 
equipment ured t o  measure  the various b l ~ s t  and shock effects. 

The introductory paragraphs provide a background to nuclear blart 
r e r e a r c h  effort8 and rnrtrumentation r q u i r e m e n t r  and give a brief 
outline of the DASA blast and shock t e s t  instrumentation development 
(TID) program. Sectlon 1 containr a r u m n u r y  df blart  phenomena 
and includer dercriptionr of shock formation, a r r  blart,  ground 
motion. underwater phenomena, and target  rerponre  to  ehock loadrng. 
Section 2 i r  a n  introduction to  mearurernent r y o t t m r  and de rc r ibe r  
the principlas of the variour renrtng elemento, gage-, and t r a n r -  
mi r r ion  and recording ryatemr ured rn blart  and rhock reeearch.  
There  brief rummary  rectionr a r e  not dtfinitive sourcebook preren-  
tationr, but a r e  intended to  place both the mearurement objcctiver 
and mearurement methodm in  a meaningful o rde r ,  The r e m a ~ n i n g  
rections d t rcusr  tlie exrating types rrf measuring ryatemr nrouped 
by physical phenomena measured.  In dercrtblng the ayr tems a 
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pragmatic approach has been used and although the reeponse charac- 
teristics of individual components a r e  noted, the limitations of the 
entire system (when known) rather than those compo.lents a r e  empha- 
sized. Where possible, details a r e  given for the problems noted, and 
rolutions advanced to oolve these problems, in the field use of the 
described systems. * 

BACKGROUND-BLAST AND SHOCK RESEARCH 

A great deal of theoretical and experimental work has been under- 
taken to determine the rdture and the effects of explosively-produced 
shock waver. In order to predict the damage from a nuclear weapon, 
it i s  necessary to gain a thorough understanding of the various 
porsible interactions of shock waves and targets, a s  well a s  knowledge 
of the magnitude of the modification of these interactions due to 
changes in burst conditions o r  alterations of the target. For some 
cases, rimple exposure to a blast i e  adequate, such a s  in proof teeta 
of existing equipment8 where the effects may be determined virually 
after the detonation. But in order to establish design criteria and 
to verify laboratory and theoretical studies, a more fundamental 
approach i r  needed. 

The primary purpose of a given effects test i r  to gain information 
on phenomenology-not to develop instrumentation. Thus the 
researcher tende to ure a particular aseembly of gages that reemed 
to have worked on the preced~ng test. One adverre affect of thir 
procedure i r  that little critical rtudy ham been performed to deter- 
mine which portion of a particular obrerved rerponre could be an 
actual parameter of the shock wave and which portion war artificially 
dictated by the design of the gage o r  recording ryrtem used.' Nor- 
mally, in any weapon. teat ser ies  a few prototype inrtrurnentr a r e  
tested, the main criterion for rccaptrnce being performance that 

' The identification of cornrnercirl products by nrme i r  for convenience 
only. No crit icirm o r  andorrement of there productr is intended, and 
none rhould be implied. None of the rtatementr relarding the per- 
formance of 8 pr r t~cu la t  inatrurnent were experrmentrlly verified by 
DAS U C  . 

Thir i r  not to ray that untorereen or iacomprchbnrible perturbation8 
in &ta a r e  not often arcrlbed to vagnrlar in gage or  recorder rcrponsc. 



exceeded thc current  instrumentation for that test .  These  prnto- 
Lypes, usually with modi fications, a r e  then often conside red a s  

. s tandard instrumentation for a future s e r i e s .  An important recent 
develo:,ment has been the ~ ~ c c i f i c a t i o n  (usually by the contracting 
agency o r  laboratory) of cer ta in  fragility, radiation, acceleration, 

&and tcxrlperaturc limitations on proposed inst ruments  t o  be used t o  
gather data. The value of these specifications has  long been recog- 
nized, but simulation of t h e  conditions encountered in nuclear 
environments i s  a formidable problem. 

Some of  the ear l ies t  ins t ruments  employed in nuclear  weapons 
. t e s t  work were pr imar i ly  used to  determine the perdintage of  avail-  
, ab le  energy that  went into the blast  wave. As the importance of 
blast a s  a damage mechanism was emphasized, field studies centered 
on testlng the reliability of empirically determined scaling la.ws and 
ove rp re s su re  ve r sus  height-of-burst curves .  Investigation of 

a response of s t ruc tures  and equipment8 to  blast  loading in  the  10- t o  
25-psi region, with the objective of strengthening exieting s t ruc tu re s  
t o  what was a t  that t ime considered t o  be high overpreseures ,  was 
conducted concurrently. With the shift of in te res t  t o  underground 

,defensive s t ruc tures ,  and the l a t e r  t r ans fe r  of a l l  nuclear  testing 
underground, mos t  work on blast  loading and f r e e - s t r e a m  param-  
e t e r s  in  the high shock region above 100 psi was halted, and the  
major  emphasis  was on the study of energy coupling into the ground 
and the resultant ground motions. 

In general ,  the field of blast  phenomenology i s  fairly well under- 
stood for a surface burs t  with the exception of high p re s su re s ,  
dynamic p r e s s u r e s  in water-  o r  dust-laden a i r ,  or blast  wave inter-  

'action with a non-ideal t e r ra in .  Since few measurements  a r e  avail-  
able  f rom high-altitude o r  space bursts,  the existing predictive 
theories  cannot be ver i  tied. Underground phenomena in the domain 

-of nlon-linear e las t ic  and hydrodynamic responses  a r e  yet  t o  be 
adequately documented. 

. Today the measurement  requi rements  encompass a wide r e s e a r c h  
ar=r% designed t o  auimertt the kxisting knowledge of blast  phenomena 
and ta rge t  interaction. In addition to  the continuation of studies on 
the loading and response of various mili tary s t ruc ture#  and equip- 
menta a t  relatively modest ove rp re s su re  levels, t h e r e  i s  a renewed 
in te res t  in the f ree-s t ream high-overpressure region-the basic  
blast and shock phenomena, s t r ~ ~ c t u r a l  loading, and ntructural  
response-to enable design c r i t e r i a  t o  be formulated for  the 
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construction of hardened structures which cannot be buried under- 
ground, There is now a requirement to determine the loading and 
response of targets exposed to  detonations at extremely high altitudes 
in order to establish the vulnerability of rocket-launched vehiclea 
entering the atmosphere. The increased use of the oceans rie pro- 
tective cover for mobile missile launching sites requires more 
knowledge of the coupling of airblast energy into water. Finally, 
&ere i s  interest in both the underground and underwater phenomena 
close to the center of the detonation. 

DASA TEST INSTRUMWT DEVELOPMENT 
PROGRAM REQUI RtMENTS 

Current DASA interests in developmental programs fall into two 
dirtinct a reas  of research. First, under the safeguard provisions 
by which the United States Congress ratified the Limited Nuclear 
Test  Ban Treaty, the scientific community, through DASA and the 
M C ,  maintains a six-months readiness capability to resume atrnoa- 
?heric testing. For inrtrumentation this directive cntails defining 
the system to  be used for a particular test, upda,~ng existing instru- 
mentation systems incorporating new techniques and developments, 
initiating new developmentr for particular problem areas, and long- 
r m g e  inrtrumsnt development planning for the post-test period. The 
recond broad area  concerns the :Juclear Weapons Effectr Reaearch 
(NWER) and the Nuclear Weaponr Effects Tert  (NWET) programs for 
rimulation terting uring (for blast studier) high exploriver or  deton- 
able gares, rhock tube., and blast load genepatore. Syrtemr designed 
for the readiners program often a r e  terted in the rimulation 
environments. 
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SECTION 1 
BLAST PHENOMENA 

FORMATION OF A SHOCK 

'The almost  instantaneous re lease  of thermal  energy during a n  
explosion produces a sudden local p ressure  increase. This local 
p r e s s u r e  unbalance i s  relieved by an intense p ressure  wave (or  
ehock wave) traveling radially f rom the detonation center .  Although 
the shock f ront  actually has a smal l  but finite thickness which may 
be  calculated, f o r  computational convenience the shock front  may 
be  considered a discontinuity of the pressure ,  density, temperature 
and part icle velocity parameters  which define the wave. 

A fully developed shock-wave system fo rms  with about tb.e oame 
general  configuration, i r respect ive  of the assumed initial positive 
pulse; the propagation of the shock depends a lmost  entirely upon 
conditions met  in  the surrounding media. The wave moves through 
a n  isotropic medium with a constantly diminishing velocity which is 
in  excess  of the sonic velocity in the medium. If the shock i s  expand- 
ing into a continuously l a rge r  volume, i t s  s trength dec reases  rapidly 
with increasing ehock radius. 

The molecules o= part icles which m t k e  up the wave in the medium 
must  always move a t  velocities l e s s  than that of the shock front. 
Both the part icle and wave velocities a r e  functions of the pressure ,  
but the relationship between pressure,  shock velocity, and part icle 
velocity is independent of the magnitude of the explosion. The dis- 
tance f rom the detonation a t  which a part icular  p r e s r u r e  o r  velocity 
i r  obrervad and the relation that govern8 the t ime interval  between 
the initial p r e r r u r e  inc rea re  and the return of p r e r s u r e  to ambient 
a r e  function8 of the magnitude of the explorion (and the propcrt ier  
of the media of propagation). 

The c o m p r e r r i o n d  rhock wave propagating in air ir called a 
b la r t  wave becaure of the rtrong wind arrocia ted  with the wave. A 
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typical blast wave, a s  observed at a location away from the center 
of the explosion, has the configuration shown in Figure 1. At least 
three parameters must be measured to describe the blast wave com- 
pletely: 

1. Initial shock intensity, usually identified by a measure of 
maximum or  peak overpressure, but also by any parameter 
mathematically related to the intensity, such a s  the Mach 
number o r  particle velocity 

2. Time duration, usually the duration of the positive phase 

3. The impulse, o r  force-time product*. 

Usually a single instrument records the intensity, duration, and wave 
decay while the impulse i s  integrated from these parameters. 

It i s  usually important to differentiate between measurements 
specifying the blast wave per s e  and those indicating bow the wave -- 
parameters a r e  modified when the wave interacts with a boundary 
o r  target. 

The magnitude o r  inteneity of the pressure wave (usually exprebsed 
in pounds per square inch ipsi]above ambient) meas red side-on to 
the advancing wave, is called the incident pressure.' The time 
interval between the initial pressure r i se  and the return to  ambient 
(the poritive duration) i s  usually taken a s  proportional to the cube 
root of the explosive yield and varies from a few millisesonds for 
high explosives to seconds for large nuclear detonations. In a 
homogeneous medium, the maximum pressure decreases and the 
positive duration increases with increasing distance from the 
detonation. The positive phase of the wave i s  followed by a negative 
phase ( a  pressure below the pre-shot atmospheric) which has a 
duratiox~ lonaer than the poritive and i s  associated with a reverral  of 
the particle flow. The negative phare has i tr  origin in the inertia 
of the particle movement associated with the movement of the com- 
prerriotul wave becaure the initial particle dirplacement i r  to a 
dirtance which is greater than the dirtance correrponding to a utate 
of equilibrium with the atrnorpheric prerrure. 

* The impuloe meanrrement cur refer to the force from either the 
incident overprerrure o r  the dynamic prerrure.  

t There a r e  a number of rynonymr for thir phenomenon-rtatic prer- 
rure  and dde-on prerrure being the mort common. See Appendix A 
for b h r t  and rhsck terminology. 
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Since the blast wave produces particle motions, static measure- 
ment of the incident pressure is complicated by dynamic effects. 
The side-on measurement must be made in such a manner that the 
particle flow over the sensing element is, a s  nearly a s  possible, 
identical with that which would occur in the plane of the sensing 
element if th t  gage were not present. A sensor at an angle to the 
wave will experience a force component resulting from a deflection 
of the motion of the particles in addition to the side-on component. 
When the measurement i s  made at an angle to the blast wave (facing 
toward the direction of propagation), a reflected pressure develops 
on the sensor, o r  target, surface. * The maximum reflpcted pressure, 
recorded when the sensor i s  normal to the blaat wave, is greater 
than the incident presaure by factors of from about 2 for weak shocks 
to almost 8 for incident pressures of 10,000 psi. Since the reflected 
pressure i s  superimposed on the incident pressure, the duration 
of i ts influence i s  a function of the time required for the particles in 
the blast wave to clear the target. 

In contrast to the static forces of incident and reflected presaure, 
a dynamic pressure results from the transient velocity and density 
of the particles in the blast wave. Since targets impede the flow of 
these particler, a force results which has a duration dependent upon 
the weapon yield and maximum presaure level. The dynamic dura- 
tion increares both with increasing weapon yield for any particular 
prer rure  level and with dirtance from detonation for a given yield. 
The maximum dynamic pressure decreares with dirtance from deto- 
nation. The mearurement of dynamic pressure is complicated by 
the fact that large quantities of durt (or porsibly water for an over- 
water detonation) a r e  often raised from the earth'n surface and 
carr ied along in suspension with the wave. Thir dust loading al ters  
the flow of a i r  and comtituter in itself a rignificant rource of target 
damage in that it ( I )  increamer the denrity, thur increaring dynamic 
pressure; (2) directly impinger on the target, eroding the rurface 
and increaring the loading by durt momentum tranrfer;  and (3) r e r d t r  
in mamenturn oxchange between the decelerating durt and the more 
rapidly decelerating air ,  cauring an increare in the prer rure  in the 
ea r  phare of the mixture in the a rea  ahead of the target. 

* Actually, both reflected and tranrmitted waver a r e  created. The 
partition of energy between the waver i r  dependent on the relative 
denrity and rigidity of the media on both rider of their boundary. 
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Tbe force on a target resulting from the a i r  particles coming to 
rest  on the reflecting surface and transferring their momentum to 
static pressure is termed head-on o r  stagnation pressure.  * This 
pressure ia sustained a s  long a s  there is flow, and its magnitude, 
being a function of the flow velocity and density, will be greater than 
the incident pressure since it is  the sum of the incident and dynamic 
pressures.  

When the epherical shock wave from a detonation in the a i r  strikes 
an  infinite boundary, like the.earthlr surface, the reflected wave which 
i s  formed travels through the a i r  already traversed by the incident 
shock. This reflected wave will propagate at a velocity greater than 
the initial blaet wave sinc- it travels through a medium shocked to a 
higher pressure'and greater temperature by the passage of the initial . 
blaet wave. The expanding circular area of regular reflection ends 
when the angle of shock wave incidence reaches a critical value and 
the intersection of the incident and reflected wave fronts form the 
upper perimeter of an expanding and rising cylindrical shock front 
known a s  the irregular region o r  Mach stem (Figure 2). Measure- 
ments of blast wave parameters made in the Mach stem region a r e  
often termed "free s t reamtt  measurements while the "free a i r"  
parameters usually refer to measurements made above the rising 
Mach rtem, i. e., in the region of regular reflection. The junction 
of the incident and reflected waves and the Mach r tem is  termed the 
triple point, although actually it i e  a ring. The locus of the triple 
point trajectory defines a slipstream, o r  density discontinuity, 
involving no prer rure  change but separating singly-shocked from 
doubly -chocked air .  

The intense prompt thermal radiation from a nuclear burst can 
generate a hot surface layer through which the shock wave must 
propagate. Thir hot layer. by changing the local ambient conditionr, 
leads to a dirtortion of the blart wave, forming a precurror shock 
and a preudo Mach wave. Since the thermal output decrearar 
rapidly and i r  attenuated by the atmorphere, the effect decrearer 
with dirtance from burst, and the true Mach front roon catcher the 
precurror,  reforming into an ideal wave. 

* The rtagnation prer rure  i r  s q w l  to the sum of the incident over- 
prer rure  and the dynamic prerrure at low prerrure levelr where the 
comprerribility of a i r  i r  negligible. 
9 Prersn t  theory indicates thir precursor formation would not be 
artpected over heat-reflecting rurfrces ouch a8 concrete o r  water, 
but would be enhanced over a durty aurface o r  a heat-abmorbing one. 
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Figun 2. Blast wove ).rminolcgy for low air bunt. 

The phenomena thur far deecribed refer to a near-surface buret. 
In a eurface burrt, often referred to as a contact burst, the region 
of regular reflection does not exirt and a Mach stem doe8 not form. 
A fraction of the downward-directed energy of the blart i s  coupled 
directly into the earth and ie dirripated by mechanirms deecribed 
in a later section. The incident blart wave retain8 ite normal 
characterirticr, but it appear8 to contain almost twice i ts  normal 
energy. 

Ar the height of an explorion i r  increared, thore relations between 
overprerrure, dirtance, and time (which depend on the ambient 
conditionr of the atmorphere) vary with the change in ambient prerrure.  
With increaring altitude the abrolute value of overprerrure from a 
given yield a t  a given dirUnce, mearured at the altitude of the burrt, 
dscrearss,  and there will be a concomitant increase in both the 
rhock arrival time and the poritive duration. For moderate changer 
in altitude, there valuer may be obtained by relatively rimple rcaling 
1 8 ~ 8 .  

At high altituder, ray above LOO, 000 feet, the initial thermal 
enersy, which i r  the source of the blart wave, i r  dirtributed through 
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the tenuous atmosphere over a large volume of space. The time 
necessary to form a shock wave i s  greater and the maximum shock 
pressures a r e  lower. At extremely high altitudes, i. e., 250,000 
feet, the radiation which produces the thermal heating i s  distributed 
over kilometers of space, and the actual debris from a nuclear 
explosion will be a primary source of the shock phenomena. 

At the other extreme of underground or  underwater explosions, 
the a i r  shock which may he produced ia a complex function of the 
energy coupling into the medium and of reflection and rarefaction 
phenomena (and bubble formation for underwater burets). The a i r  
blast from such explosions i s  generally characterized by multiple 
peak pressures and a non-ideal waveform. The wave form is so 
non-ideal, in fact, that some investigators prefer to use the te rm 
"pressure increase" rather than "shock wave, I '  since the te rm 
"shock wave" implies an almost instantaneous pressure rise. 

GROUND MOTION PHENOMENA 

Energy from a surface o r  near-surface detonation may be coupled 
into the ground to induce a motion by two dirtinct processes. The 
first process i r  an air-induced (also called blast-induced and rlap) 
shock caused by a blast wave moving over the ground surface gene-. 
rating time-dependent stresrr waver into the ground. The second 
mechanism ia by ground-transmitted rhock which i s  a direct conver - 
sion of the hydrodynamic energy of the detonation into mechanical 
energy in the immediate vicinity of the explosion resulting in a wave 
motion that i s  errentially sairmic in character. The almost inrtan- 
taneour loading of a rmall surface element constituter the initial 
dirturbance, and the elastic waver which a r e  propagated outward 
from the loaded regment a r e  quantitatively rimilar to thore emanating 
from a shallow-focus earthquake. 

The height (or depth) of burrt i b  critical in determining the initial 
partition of energy between the blart-induced and the direct-induced 
mechanirmr; i. e., for an a i r  burrt both the a i r -  and direct-induced 
energier h ~ v e  their source in airborne rhock waver, but the reirmic 
energV received by the around from a rubmurface burr8 ir imparted 
directly. In the region of normal interart, i. e., area8 rubjected 
r t r e r r e r  irom r low-air or  contact-rurface bur;rr, the ob*ewed 
motioar are a complex rerutt of the two d!oiributionr of r t rear  #are- 
rated by the air- and direct-induced componanta. 
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In general, when the earth is subjected to a shock s tress ,  dila- 
tational, distortional, Rayleigh, and Love waves a r e  generated into 
the medium. 

The dilatational wave (P wave, longitudinal o r  compression 
wave) effects ground motion by imposing compressive or  
tensile r t rerses .  The velocity of the wave corresponds to the 
soil, o r  rock, seismic velocity. 

The distortional wave (S wave, transverse o r  shear wave) 
inducts ground motion by imposing horizontal shear. These 
ahear r t resser  a r e  of lesser  intensity than the compressional 
r t r e s r e s  and the rhear wave velocity i s  less  than that of the 
dilatational wave. 

Rayleigh waves a r e  surface waves which induce vertical particle 
motion in a radial plane extending outward from the source. 
Absolute particle motion for Rayleigh waves is retrograde 
elliptical with the vertical displacement being about half the 
horizontal displacement at  the surface. Rayleigh waver attenu- 
ate  rapidly with depth. Since their arrival time usually coin- 
cider, o r  i r  marked by, the arrival of the a i r  shock, it i s  
difficult t o  evaluate their effect. 

The Love wave im characteriaed by particle motion in a hori- 
sont.1 plane. Itr  prerence dependr upon the exirtence of 
impacted ahear energy and reflective containment through the 
prerence of a low seismic velocity layer overlayiag a higher 
velocity layer. 

In 8 layered medium, the phenomenology of rhock propagation 
becomer extremely complex due to effectr of boun&rier, dirconti- 
n~ i t i ea ,  and denrity gradientr. 

The partition of the obaerved around effectr into direct- and a i r -  
induced component@ m a y  be convenient for a broad description of 
the events which follow an  a i r  buret, but there definitionr a r e  not 
entirely uaunbifuour, The reirmic energy ia not coupled into the 
ground irrt.at.naourly and the bkat-induced component doer not 
appear tutti1 the Mach r tem i s  formed. Thur, rfnce blast energy ir 
actually coupled to  the ground continuotaaiy, these somewhat arbi- 
t r a q  defldtioar cannot provide a means of determining the time at 
which the tranrfer of aeirmic enerlp ir complete, or  the time a t  
which the gr"i;r:! k g i n r  to receive blrrt-induced energy. 
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Usually the effects of air-induced and ground-induced ground 
motion a r e  discussed separately. Each, however, has d~.finite "zones" 
of interest. For the ground-induced motions, the foliowing three 
a r eas  based on the resulting deformation of thc ;oil or  rock mass a r e  
generally recognized: 

The hydrodynamic zone-characterized by an inelastic transfer 
of energy in which the tensile and shear s t resses  a r e  far in 
excess of that which the medium can transmit 

The plastic or  visco-elastic zone-which is a region of per- 
manent non-linear deformation 

The elastic zone-in which earth motion i s  (as  the name implies) 
elastic in nature, eshibiting either a transient movement with 
no permanent displacement, o r  a linear r c r p r i s e  to the s t ress .  

The following three zones a r e  usually recognized for air-induced 
ground motion alro, but these a r e  defined by the relationship between 
the velocity of the blast wave and velocity of the ground wave rather 
than by the effects produced in the medium: 

The superreirmic region-close to the point of detonation, in 
which the airblart  velocity will be greater than the velocity 
of the dilatational waves in soil 

The t-mreirmic region-in which the airblart velocity has 
decreased below that of the dilatational wave but rtill remains 
above the distortional wave velocity 

The rubreirmic region-in which the velocity of the airblart  
b r  dropped below the dirtortronal wave velocity. * 

The w e r p r r r r u r e  at which t&r ground rbock "outrunr" the a i r -  
blhrt, i. e., in the mubrerrmic and tranreirmic ragionr, dspendr on 
both the yiald of the device and the meirmic velocity of the medrum. 
Table 1 (-a from Reference I )  preruatq the approximate over- 
prer rure  a t  which outrunnine occurr from a large-yield rurfacc 
burrt. 

* Some invartigatorr prefer to uea two drvtrionr, ouporretom~c and 
oubreirmic, referring the a i r b t r t  propagation velneity to the d i h u -  
ti-1 wrvc only. 
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Table 1 . Overpreaures at which the velocity of wave propagation 
in the ground exceeds the airblast velocity. 

In the field of underground study, it i s  often a misnomer to use 
the terms "shock waves" o r  "ground shock'' because the use of these 
implies r sharp r ise  in pressure. Most workers prefer either 
"stress wave" or  "g rou~d  motion. " 

UNDERWATER PHENOMENA 

A detonation under water produces a shock front by corr.preeaing 
aucceasive shells of water around the burst point. The shock wave 
produced has an  extremely high pressure and a high initial particle 
velocity which i s  rapidlv attenuated to acoustic valuer, i ts  velocity 
being that of the speed of sound in water, o r  about 5,000 ftfsec. The 
peak pressure decays less  rapidly with dirtance than does a pressure 
wave in a i r ;  thus peak values in water a r e  much greater than a t  the 
same distance from an equivalent explasion in air .  The overpressure 
duratJons a r e  quite short, on the order cf milliseconds, corn~ared  to 
airblast durations. Due to the comparative incompressibility of 
water, the initial preesure pulse has a very small negative phase; 
however, the initial shock wave i s  seflected from the air-water 
surface a s  a refraction wave which interactr with the direct p rer rure  
wave and may result in pressures #lightly below the preshot ambient. 
This interaction of the direct and refraction wave8 becomes an 
important factor in target responre etudier by causing a sharp 
decrease in the water shock pressure (the rurface cutolt). 

In general, the surface phenomena can be divided into two major 
categories: first, thore produced by the initial rhock wave, and 
secorid, those produced by the mare motion of the water which 
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accompanies bubble pulsation and its emergence to  the surface. The 
actual observed surface effects depend on the size and nature of the 
explosion and the depth at  whlch it is detonated. 

The gas bubble formed by the explosion products expands to a 
maximum size, dependent upon the yield of the explosion and the 
depth of burst. After reaching the maximum, this bubble contracts 
to a minimum size o r  state of high compression before expanding 
again. During the short interval of high compression, a second 
compressional wave i s  propagated through the water. This "first 
pulse wave" exhibits a definite r ise  time rather than the almost 
instantaneous discontinuity of the initial shock wave; it also shou.s a 
slower rate of decay. The gas bubble conti~tues to oscillate and pro- 
duce bubble pulses during its upward migration toward the surface. 
The ahsolute motion of the bubble is affected both by its buoyancy and 
by the proximity of the water-air surface, the sea bed, or  other 
boundary surfaces. Since the damage to a target is due to both the 
shock wave and the subsequent bubble pulses, these effects must be 
evaluated separately. One measurement usually made i s  that of the 
bubble period of oscillation-the time intervals between successive 
minima in the bubble radius. The length of the first  bubble period 
i s  related to the energy left after passage of the shock wave. In 
general, the longer the period, the greater the energy. 

The pressure field in water is usually complicated by reflections 
from various boundaries within the system; the reflected wave from 
a rigid surface ia a wave of compression and that reflected from a 
free silrface, like the air-water interface. i s  a wave of tensioa. The 
parameters of a pressure wave a t  a distance from the blast whzre 
the wave i s  of acoustic intensity may be affected by such other factors 
a s  refraction by velocity gradients and attenuation by viscosity eftects. 

TARGET RESPONSE TO SHOCK LOADING 

An analyrir of a particular structure o r  equipment subjected to the 
forcer of blart or shock reaolves to a problem of respo&e tu rapidly 
applied dynamic forces. The complete configuration of a deforming 
complex rtructure urually dtfiea accurate mathematical description, 
for the dynamic behavior of most targets i r  exceedingly complex. 
There a r e  mixtures of elastic and inelastic: vibrational moder; 
different partr  do not rerpond in phase with each other, and differ- 
ences in rtrength, marr ,  ductility, and general c;eclrgn greatly affect 
rerponr e. 



The forces which result from the action of shock pressure a r e  
termed "loading. I '  Airblast loading i s  a function of both the charac - 
teristics of the incident blast wave-the overpressure, dynamic 
pressure, r ise  time, decay, and duration-and the shape, orientation, 
and rigidity of the target. 

The response or distortion of a structure due to a particular 
loading may be described a s  having two components-diffraction- 
induced and drag-induced. 

Diffraction loading results from the differential forces of an a i r -  
blast wave a s  it strikes an obstacle and i s  deflected around it. 
Different surfaces of the structure a r e  subjected to different peak 
pressures and pressure-time histories; the time required for a wave 
to engulf the target and pressures on the first-struck face cause net 
lateral loads in the direction of wave motion. The damaae caused 
during the diffraction stage will be determined by the magnitude of 
the loading and its duration, which is, of course, related to the peak 
overpressure, 

The loading caused by the transient aerodynamic winds behind the 
blast front i s  termed "drag loading. I '  A target will be subjected to 
this loading during the entire positive phase duration of the wave. 

A target will undergo both the drag and diffraction phasee of 
loading; however, some structural types will be more sensitive to a 
particular loadi~g .  For instance, a box-like structure with few 
opening8 will be diffraction sensitive, while a structure with a large 
percentage of openings, such ae a t russ  bridge, will be primarily a 
drag-sensitive target. 

In order to evaluate the response and structural integrity of 
underground targets subjected to the effects of a rurface nuclear 
detonation, one must firrt  determine the rurface loading, next 
evaluate the underground r t r e s s  field and resultant motionr caused 
by there rurface loadings, and finally a r r ee r  the ability of a w r t i -  
cular rtructure to withrtand there motionr. Thug, in addition t o  the 
parameterr of acceleration, velocity, dirplacement, and deforma- 
tion mearured on a target rubjected to an a i rbh r t ,  an underground 
target murt be inrtrumented to determine it8 rerponre to variour 
rpecialiaed roil-rtructure interactione. 
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Two aspects of the propagation of s t ress  waves through aoil o r  
rock a r e  important to understanding buried-structure response: the 
attenuation of the pressure pulse, and the development of a finite 
r ise  time due to the non-linearity of the earth stress-strain curve. 
As the pressure pulse traverses the underground structure, the 
loading on that structure is uneven and unsymmetrical. In order for 
the structure to deform to those unequal loads, it i s  necessary for 
the soil adjacent to the structure to also undergo deformations. It 
i s  in this broad area of study, which i s  not concerned directly with 
structural response but rather with the extent t o  which deformation 
of structures i s  influenced by the surrounding medium, where surface 
and underground response measurements differ. The three major 
a reas  of concern a r e  (1) reflection of pressures  at  the interface 
between the soil and the structure, (2) arching, which is a function 
of the shear strength of the medium and the flexibility of the structure, 
and (3) depth of earth cover required to reduce the sensitivity of - buried structures to unsymmetrical load distributions. 

The loading on an underwater target from an underwater explosion 
depends not only on the magnitude of the explosion and its distance 
but a100 on the geometric relationship between the burst point, 
the target, and the surface. These three distances control the time 
interval between the direct and reflected shock waves which, in 
turn, determines the shock impulse on the target before the surface 
cut-off effect is produced. 

BASIC REFERENCES 

Possibly the finest single unclassified source of information about 
phenomenology and target reaction i s  The Effects of Nuclear Weapons, 
Samuel Glasstone, Ed. , 2nd Edition, 1962, prepared by the 
Department of Defense and published by the Atomic Energy 
Commission. 

Other general references t reat  a particular aspect of the subject, 
ururlly with a rather high degree of scientific rophisticrtion, and 
a r e  recommended for a broad background in rhock studier. 

For Air Blast: 

Explorive Shocks In Air, by Gilbert Ford Kinney, MacMillan 
Company, New York, New York, 1962, 

Primarily an exporition of the charactaristics of a nsn-nuclear air- 
b l r r t  and the general mechanirm of airblart  a m a g e .  

/ 
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Underwater Explosions, by Robert H. Cole, Princeton University, 
1948 (also published by Dover Publications, Inc., 1965). 

The standard eourcebook for underwater shocks. 

Nuclear Geoplosics: A Sourcebook of Underground Phenomena 
and Effects of Nuclear Ex~losions. in 5 volumes bv the staff of - 

Stanford Research Institute, Fred M. Sauer, Ed., DASA 1285, 1964. 

Covers the entire underground subject field from the theories of 
ground motion to the effects on structures and equipment. 

A Review of Nuclea~ Explosion Phenomena Pertinent to Protective 
Construction, by H. L. Brode, RAND Report RM-425-PR, 1964. 

Augments The Effects of Nuclear Weapons by including information 
about the very high overpressure region. 

Air Force Design Manual: Principles and Practices for Design 
of Hardened Structures, by N. M. Newmark and J. D. Haltiwanger, 
AIFS WC-TDB-62- 138, 1962. 

Readers with access to claesified documents should include: 

Introduction to Underwater Explosion Research (U), by A. H. Keil, 
U. S. Navy UERD Report 19-56 (C), 1956. 

(U) Both a theoretical and empirical study of the applied mechanics 
of damage processes to  naval structure8 exposed to  underwater 
blasts. 

Nuclear Weapons Blast Phenomena (U), by J. F. Moulton, Jr. , 
3 volumss, DASA 1200 (S), 1960. 

(U) The definitive work using weapons teat data. 
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A N  l NTRODUCTION TO MEASUREMENT 
SYSTEMS AND METHODS 

The particular methods of obtaining shock wave measurements 
and the systems used to obtain these measurements will vary greatly 
depending on the source of the shock and the objectives of the experi- 
ment. However the final results may differ, all  systems have a 
great deal in common and the useful methods of measurement a r e  
based on few physical phenomena. 

Two basic systems a r e  in general use: optical systems (described 
on page 93 et seq), and gage systems. -- 

All shock measuring gage syatems a r e  composed of four major 
elements: first, a sensing device which converts shock-induced 
motion into a mechanical o r  electrical signal that i s  proportional to 
the parameter of experienced motion; second, a gage o r  instrument 
containing one o r  more sensing devices in a particular housing*; 
third, a transmission system which can transfer o r  modify the 
response of the sensing element; and finally, a recording mechanism 
to make a permanent record of the phenomena measured by the 
sensing device. 

There a r e  three typer of gage measuring rystema: (1) purely 
mechanical, ouch a s  a diaphragm (the sensing element) with an  
attached rcribe (the tronsmirrion eyrtem) rcratching a plate (the 
recorder) within a housing (the gage); (2) purely electrical, where 

3 The word tranrducer i r  often used rynonymourly for both the 
senring device o r  element and the gage. This urage can be confuring 
when a #age contain8 more than one oenoing element. In thin report, 
renring devicer may be interchanged with tranaducerr but the te rm 
tranrducer will not be ured am a rynonym for gage. The reader is 
cautioned, however, that in reportr of field experiments this dib- 
tinction doer not often exirt. 
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the sensing element directly converts the energy of the forcing 
function into an electrical pulse which is transmitted and recorded; 
and (3) electromechanical, where there is either an electronic ampli- 
fication of a mechanical response or  a mechanical linkage between 
the forcing function and an electronic nensing device. Most present 
gage systems a r e  electromechanical. 

The sensing elements within a gage may be broadly classified as  
either mechanical, self generating, resistance, o r  reactance. The 
mechanical sensor requires little explanation; it is  usually configured 
a s  a deflecting plate o r  deformable bellows for pressure measure- 
ments and a s  a mass-spring system for low- frequency displacement 
measurements. In a self-generating sensor, the electrical charge 
is  generated as  a direct result of the applied force. * In a resistance 
o r  reactance circuit sensor, the applied force i s  converted into a 
corresponding change in the electrical characteristics, of either a 
solid material, for magnetostrictive and piezoresistive elements, 
or  in the electrical constante of inductance, capacitance, or resis - 
tance. In the brief review that follows, piezoelectric sensors a re  
the only ones considered under the heading 'Self Generating. " In 
fact, of ccurse, thoae inductive-type sensors that operate under the 
principle of e~ectrodynamics, electromagnetice, eddy current, and 
magnetostriction a r e  by encyclopedic definition truly self-generating 
sensors, but they require outside excitation. 

SENSING ELEMENTS 

Reactance Sensors 

Variable reactance sensing elements convert displacement into 
corresponding change in the electrical constante of inductance, or 
capacitance. These elements may be arranged electrically a s  
voltage dividers o r  bridge circuits. These circuits must be ener- 
gized by a source of outside power, either ac o r  dc depending on 
the type of sensor. 

Searing elements which function in accordance with variations in 
the principler of mrgnetirm a r e  used exteneively for blast and shock 

ib Often a relf-generating piesoelectric - seneor i s  ured am, and called, 
a This gage, of courre, would be a purely electrical gage. 
However, the self -generating element may alro form the sensing 
portion of an electro-mechanical gage. 
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measurement. The change in inductance of an indicator a s  the 
result of relative displacement of its elements may be readily mea- 
sured. The inductance change may be achieved by a change in mag- 
netic core position, by a variable air  gap ( i ,  e., the movement of 
an armature position with respect to a coil), or a r  a result of a 
change in mutual inductance between two coils by varying their dis- 
tance, relative location, cross-sectional area, or the magnetic 
permeability of an iron core coupling the coils. Underlying the 
principle of operation is  the fact that large variations in the reluc- 
tance of the magnetic circuit result from relatively small displace- 
ments of the armature, 

Two general types of variable -inductance sensors a re  now 
employed: the differential transformer and the variable I eluctance 
and permeance type. Differential transformers sense the displace- 
ment of a magnetic armature by translating the physical change into 
an a-c voltage which is  a linear function of the displacement over a 
particular range. The differential transformer is composed of 
primary and secondary coils wound on a ferromagnetic o r  a i r  coil. 
A movable armature is  used to control the electrical coupling 
between them. Variable reluctance sensors consist of a coaxial 
coil and a high-permeability probe assembly. Movement of the 
probe causes a variation in coil inductance causing a shift in carr ier  
frequency of an associated oscillator circuit. 

The linear variable differential transformer (LVDT) is normally 
used in gager derigned to respond by a linear motion to the param- 
eter they mearure (for example, etrain gager). The LVDT moat 
common in blart and shock rtudier measures the position of a mov- 
able ferrour armature in relation to three coilr-an exciting coil 
between two signal coils. When the middle cori ir  excited with 
carr ier  voltage, the difference between the voltages induced in the 
outer coilr, obtained by connecting them in reriss  opporition, i s  a 
(nearly) linear function of the porition of the armature around which 
the coilr a r e  wound. 

The variable reluctance senror i r  used in gagcr rerponding to 
non-linear o r  rotational motionr, such as  airblart gager, velocity 
gager, and accelerometerr. A form commonly encountered in 
b h r t  rtudier ir ahown in Figure 3, The movmble armature, A, i r  
activated by the carr ier  voltage. Movement of thir armature arym- 
metrically changer the reluctance in tlre magnetic path af the induc- 
W e r  L1 and Lz, which are connected ar two armr  of a bridge or 
balaaced modulator circuit. 
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Figure 3. Schematic diagram of a variable reluctance sensor. 

Due to the inherent strength of their mechanical parts, inductance 
sensors used in blast studies a re  usually considered leae vulnerable 
than other types of aensore to either blast-produced failure o r  to  
er~vironmental conditions encountered in field use. Theiz low impe- 
dance output enables them to produce relatively large currents which 
often reqlrire no amplification. However, the sensor i r  operative 
only when the car r ie r  voltage is ac, and the rerolution of most 
inductance eensors i s  not adequate to meaeure very rmall 
displacements. 

The main radiation weakneersr of the variable-inductance senbore 
involve the use of ailicon traneiatorr, fluorine-evolving inrulation, 
and organic damping-oilr. Mort of there weaknea eer c m  be 
corrected. If attempts a r e  made to modify the component parta of 
the rensor to  enable i t  to operate in a nuclear environment, the 
radiation da~nage threahold rhould approach 1018 n/cm2 and 
lo1 e rgr /g  gamma (Reference 2). It rhould be remarked that the 
radiation datnage levelr cited in thir rection refer to  the renaor 
only. In moat carer  the actual gage i r  more vulnerable. There 
valuer rhould be conridered a s  an upper limit for radiation hardening 
under current technology. 

In thia c la r r  of eearorr. the output ir proportional to  the change 
in capacitance between two plater. Tho electrical capacitance i r  
varied by r change in ths rpaciaa betwarn plater, a cbrage in the 
a rea  of the plater, a changa in the dielectric conrtant of the dielectric, 
o r  a combination of there. 
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Two types a r e  in use: one consists of a stretched metal diaphragm 
moving between two electrodes; the other type, usually used in high- 
pressure gages, consists of a double diaphragm which forms a capa- 
citive circuit transformer coupled by a coaxial cable to the recorder. 
The signal from the sensor can either modulate an a-c car r ie r  or  
the seneor may be biased with a d-c voltage through a high resistance. 

Capacitance sensors a r e  highly sensitive to small displacements 
but the electronics and required auxiliary equipment a r e  relatively 
complex because a high-frequency car r ie r  oscillator system must 
be used to remote-record the vibration frequencies encountered in 
the blast measurement. There a r e  advantages, however, in the 
simplicity of installation, seneitivity, wide displacement range, aud 
wide frequency range. 

Existing sensors exhibit a radiation threshold between 1013 and 
10 l6  nlcm2 and 105 to lo9 ergs lg  for gamma. It i s  believed 
(Reference 2) that the organic materials used in the conventional 
sensor can be replaced easily with a ceramic- and mineral-filled 
epoxy which will substantially increase both the radiation tolerance 
and the operating temperature. 

Eddy-Current jaruori  

When a nonferrous plate of low rsaistivity i s  moved in a direction 
perpendicular to the flux lines of a magnet, a current i s  generated 
in the plate which ia proportional to the displacement of the plate. 
There eddy currents aet up g magnetic field in a direction opporing 
the magnetic field that creates them. 

The u r s  of a high-frequency orcillator circuit allows extremely 
high-frequency reuponre from the censor. For a particular renri-  
tivity range, the limiting frequency responre will be the reronrnt 
frequency of the nonferrour plate. 

Force ir mearured by an element which changer i ts  electrical 
rerirtance a r  a function of prerrure.  A common form ~f rerietance 
renror employ6 a contact slidiug along a continuottr reairtor, or 
potentiometer. The uverprer8ure physically mover the rliding 
contact. The input power can be obtained from a low-voltage rupply 
and the relatively !.rue potentiometer output r igml can drive 
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galvanometer without amplification. The sensor is usable at  dc, and 
will measure a permanent displacement. Because resolution i s  
limited by the diameter and spacing of the resistance wire, there 
i s  a finite resolution, o r  incremental output. This type of sensor i s  
used mainly in displacement-measuring inst ruments o r  strain gages, 
aithough the principle can be applied to a very-low-frequency 
accelerometer. 

Unfortunately, the el.ements used in the construction of a poten- 
tiometer which provide the extreme accuracy, good linearity, and 
temperature resirtance characteristics, a r e  usually the same 
materialr that a r e  affected most by high-energy particles and gamma 
rays (Reference 2). Materials of known resistance to cadiation a r e  
now being incorporated into the manufacture of these sensors. The 
approach has been to eliminate a s  many organic materials a s  possible, 
to use ceramic-coated wire, metal-film depositions on ceramic base, 
glass insulation and potting, and lubricants known to be resistant to 
breakdown under a flux of ionizing radiation. Present threshold 
levels for radiation damage in sensors utilizing the high-radiation- 

2 tolerant materials approach 1018 n/cm for fast neutrons and 
10 ergs /g gamma irradiation. 

Strain-gage sensors convert a physical displacement into an - 
electrical signal by uring the principle that a s  a strain-sensitive 
element (such a s  a resistive wire) i r  stretched, i ts diameter 
deereares and ita electrical resistance changer in proportion to  the 
rtrain. The rtrain i s  in turn proportional to the dirplacement of 
one end of the wire. Three general c la r re r  of strain gages have 
been developad-the unbonded, the bonded, and the rolid state. New 
techniquer of manufacture and derign have eliminated rome of the 
diradvantruer of rtrain gages, ruch a s  their fragility, limited fre- 
quency reuponre, and t e m p e r a t ~ r e  renritivity, and the principle i s  
finding almost universal acceptance in recent mearuring ryrtems. 

Wire and foil r t ra in RaBsr can be uued in a radiation environment 
only when the bark materialr u8ed i n  their conrtruction a r e  care-  
fully relected and protected. The Radbtion Effectr Informrtion 
Canter liata four typar of radiation &mag* which must be considered: 
( I )  weakening of the bond between the bridge legr cad the bare, (2) 
breakdown of inrulation between the bridge leg terminalr and the 
m e a l  support0 of the brae, (3) changer in rer i r t rnce of the ranring 
wire itrelf, and (4\ a c h n $ e  in rrnritivity o r  8ats factor due to aging 
and flexing. a e  majar problem encountered d t t r  rtraia-gage renrorr  
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Operating in a nuclear environment i s  an insulation resistance break- 
down in the leadwire, causing degradation of performance. 

Unfortunately, the wires and foils which have a desirable s t ra in-  
sensitivity a l so  exhibit a change in resistance with temperature 
variations. Par t ia l  temperature compensation can be obtained by 
tk: proper arrangement of the legs in the Wheatstone circuit.  

The unbonded strain-gage sensor consists of a grid of fine, 
strain-sensit ive wire strung under slight tension between a station- 
a r y  f rame  and a movable armature.  The force to  be measured can 
b? made to  move the a r m a h r e  with rcspect  to  the frame, increasing 
tension in one-half of the grid and decreasing the tension on the res t .  
The change in resistance i s  measured on a Wheatstone bridge c i r c ~ i t  
whose output voltage i s  amplified to  drive a recording instiument 
with a self-balancing bridge. Since the initial forcing function 
requirement of unbonded s t ra in  elements i s  low, small-size and 
Icw-range sensors  a r e  readily available. Substantial overload pro- 
tection and damping a r e  easily incorporaied into the sensor o r  gage. 
The sensor  can be fabricated of entirely inorganic and high- 
temperature-resist ive mater ia ls  permitting operation in radiation 
and extreme temperature  environments. Unbonded, temperature - 
compensated s t ra in  gages have been made to operate a t  temperatures  
a s  high a s  1,600" F and in radiation fluxes of 1015 to lo1* n/cm2 
and 10lo e rgs /g  gamma (Reference 2). 

The bonded s t ra in  gage i s  a lso  a strain-aensitive wire, o r  foil, 
but i s  entirely attached by an  adhesive to the member whose s t ra in  
is to  be measured.  The bonded sensors  will operate in tension, 
compression, and bending modes. They can be used only in the 
location ~ v h e r e  they a r e  originally applied and, if not mounted in a 
gage, cannot be removed silccessfully for subsequent use. Elec- 
t r ica l  insulation i s  prcvided by the adhesive o r  insulated backing 
material .  A gage may be constructed by bonding the s t ra in  gage 
to a diaphragm o r  rod; however, the force required t o  produce a 
displacement which can be measured i s  greater  than that required by 
a n  unbonded sensor  because of the additional stiffness of this 
member.  

Since the gage measurement i s  obtained by t ransferr ing the #train 
f r o m  the metal  member  through the bonding adl~esive  and backing 
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material, the accuracy of the measurement i s  limited by the responre 
characteristics of these materials. * 

The commonly used adhesives and backings a r e  usually of epoxy, 
which har low radiation tolerance ~ 3 d  thus restr ic ts  the use of 
bonded gages in radiation environments. These adhesives dirinte- 
grate a t  temperatures above 250" F. Further, there have been 
problems of gage separation from a rapidly stressed structural 
member. The temperature sensitivity can be compensated for, in 
part, by using dummy arms on the bridge circuit, and high- 
temperature ~ e r a m i c  bonding adhesives have greatly decreased both 
temperature and radiation sensitivity. Recent developments in 
weldable strain elements hold promise oi  solving al l  three problems. 

The phenomenon of piezoresistance in semicoriductors i s  also 
used in the design of strain-gage sensors. To some extent a l l  
materials exhibit the piazoresistive effect, but in silicon semi- 
conductors the effect is very large. 

The silicon crystals a r e  grovLn with a controlled dopant content to 
obtain the required ptopertiea of reeistance, thermal coefficient of 
reeirtance, g a p  factor (i. e., the fractional change in resistance of 
the sensor with applied strain), thermal coefficient of gage factor, 
and stability. Theee properties can be controlled and optimized for 
a specific application by changing the dopant level; however, the 
properties cannot be controlled independently and murt  be selected 
a s  a group. In general, the silicon strain-gage rensorr provide a 
higher gage factor than do the metal wire and foil sensors. Values 
a s  high a r  200 may be obtained for remiconductor menaorrr, compared 
to gage factors of 2 to 4 for conventioml etrain-gage elementr. 

A rather recent development has been the iut~oduction of a thin- 
film semiconductor strain-gage rensing element. Thece a r e  mmu-  
factured by vacuum deporition of a thin film of a piesorerirtive 
mrterial, ruch a8 rilicon o r  calcium, on an electrical innulrting 
r ~ b r t r a t c .  The renring element may have any configuration and can 

=-ewer of thir document - who rh.11 remain anonymous --wanted 
thlr paragraph to conclude ". . . and the technician'r ability to  produce 
a decent job. Human e r ro r  har accounted for more lor8 of data than 
the eager themrelver. " However, rince the main topic of thir rection 
i b  dercription of typer of renrorr  rather than gager per re, thir - 
comment war not included. 
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be deposited an diaphragms, beams, or  columns. The four deposited 
a rms  of a bridge circuit a r e  electrically connected and the leadwire 
attachment i s  made directly to the film. 

The resistance of the gage i s  controlled by the thickness of the 
deposited film; thus resistance can be held to a constant value even 
if the physical size of the gage is reduced. The high resistance of 
:I.e bridge permits higher excitation voltages at the same power 
input, proportionally increases the output level, and provides a 
higher signal-to-noise level. 

The semiconductor strain sensor exhibits a very non-linear, 
strain-dependent response. There i s  a possible problem of mis- 
match between the thermal coefficient of expansion of the semi- 
conductor and ather materials. 

Nuclear radiation damage can be permanent, because of changes 
to the structure-sensitive and surface properties, which a r e  of 
major importance in semiconductors, o r  it can be temporary, ouch 
as  a decrease ir? insulation resistance due to a prom t gamma pulse. .p It i s  estimated that flux levels of 1012 n/cm2 and 10 ergs/g gamma 
could be tolerated, whereas levels above l c i3  n/cm2 and 10' ergs/g 
gamma would render these elements inoperative; however, the level 
of dopant in the silicon can control to some extent the radiation 
sensitivity. It i s  possible that higher levels could be reached. 

Piezoresistive wire ie used a s  the sensing element in some very- 
high-pressure gages. Gold-chromium and manganin wire a r e  ordi- 
narily used because they have unusually low-temperature coefficients 
of resistance, but other materials, such a s  lead, indium, and 
cadmium, have been considered and tested. Manganin, which ia an  
iron-nickel alloy, is preferred and is used in most gages. A helix 
or  coil of wire o r  a metal foil is  embedded in an  insulating material  
(usually an epoxy) and oriented to present a thin surface to the 
direction of shock propagation. Since the wire i r  very thin and 
because the pressure and particle velocity a r e  continuou~ acrosr  the 
tntcrface between the manganin and the insulator, the waves of 
reflection from the two interfacer will  very nearly cancel, each athcr. 
Within a few hundredths of a microrecond, the prerr\ire in the wire 
wi l l  have come to equilibrium with the incident prerrurc. The 
prarsure record ia  readable for a longer period of time than the 
record from a quartz gage which shows the shock-wave reflections. 
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A manganin gage, when expnsed to a short pilee of 25- to 30-Mev 
electron radiation (Reference 3) to determine the magnitude of 
radiation-induced spurious output, exhibited a sizable response to 
the emission of secondary electronr. Grounding the gage reduced 
this radiation-induced signal by two orders of magnitude. 

The manganin sensor rerpondr to prerrurer  from 30 to almort 
200 kb, and there is a requirement for mearurementr in the 1- to 
20-kb range. Recent work by SRI (Reference 4) with a vacuum- 
deporited film of pieeoresietive calcium shows promise at prerrure 
levels from 5 to 25 kb. 

Other materials which exhibit the changing propertie& of electrical 
conductivity due to pressure, such ae eulphur, and even water, have 
been used in the construction of gages. This area of technological 
advancement is  one of the moat rapidly expanding today. 

Piezoelectric Sewn 

Some materials produce an electrical charge on each crystal 
eurface when subjected to a mechanical rtrain along certain axer, a 
phenomenon known a s  piezoelectricity. This fact har long been 
utilized in the construction of pressure tranrducers. Tourmaline 
crystal gager weie in ure prior to World War I1 and were among the 
f irr t  electrical gager to supplant mechanical gages in blart rtudier. 

Piezoelectric rubrtancer occur naturally, e. g., quartz and 
tourmaline. They a r e  manufactured a r  rynthetic cryrt*lr, ruch o r  
lithium rulfate or  Rochelle malt, and a s  ferroceramicr like barium 
titanate and lead zirconate. Although the ferroceramicr do not have 
piezoelectric propertier in their manufactured state, they can, by 
rpecial polarising techniquer, be made to behave pieaoelectrically. 
The electrical charge, which i r  proportional t o  the applied pressure, 
ir dirtributsd over tha gage and cable capcitance and leakr off with 
a time conrtant determined by the rerirWnce and capacitance of the 
arrociated merruring circuit. * 

Pienoelectric c r y r b l r  a r e  generally mechmically rugged, exhibit 
8 linbar and reproducibte reaponre, and have a high natural frequency. 
There edvanta~er, however, a re  offret by a rather low r i p 1  output 
which u r u l l y  reguirer an amplifier, by the need to pay conriderable 

* In order for ths renaor output to reprerent accurately the forcing 
function, the time constant murt be amall with  rerpect to the duration 
of the rigrul being mearured, 



MEASUREMENT SYSTEMS 

attention to electrical insulation, by the fact that most piezoelectric 
materials exhibit no steady-state rerponae to preesure and must be 
calibrated dynamically, and by the fact that pieaoelactric materials 
are, for the most part, also ~yroelec t r ic  and thus temperature 
sensitive. 

Pyroelectric effects, or  the appearance of charge on the crystal 
faces due to a change in the temperature of the crystal, a r e  observed 
with materials such a s  barium titanate and tourmaline which have a 
unique polar axir. The magnitude of the pyroelectric effect depends 
upon whether or  not the thermal expansion of the crystal i s  prevented. 
If a mechanically-conetrained crystal (i. e., a crystal subjected to 
hydrostatic loading) i s  heated, the primary pyroelectric effect io 
noted. An unclamped crystal, which is sensitive to hydrostatic 
preesure, will also exhibit secondary pyroelectric properties super- 
posed on the primary effect due to the volumetric change which must 
occur due to uniform heating. * A crystal which is not hydrostatically 
senritive i s  not likely to exhibit pyroelectric effects except insofar 
a s  thermal gradients may induce nan-uniform stresses producing 
strains along certain axes-te;.med tertiary pyroelectricity. The 
charges produced by the temperature fluctuationr which may be 
expected under normal working conditions may be comparable with 
the prersure-induced rignal and such crystals a r e  only useful for 
very rhort duration mearurements. The use of these pyroelectric 
crystals involver a continual adjustment of recording equipment to 
correct for drift, right up until the instant of making the dynamic 
measurement. 

A crystal can be oriented with reopect to three orthogonal axes 
derigruted X , Y , and 2 . The Z axir i r  one of optical symmetry. 
Light parsing through the cryrtal along thir axir suffer8 no change in 
polarisation. Plane-polarised light tranrmitted through the crystal 
along tho Z axir is  not affected by rotation of the cryrtal about thir 
axir either in intenrity or plane of polarisationr. Thir effect i r  ured 
to determine the a d 8  of the cryrtal, 

The primary effect arir.8 from a c h a q e  in the electrkdirtribution 
in the cryrt.1, whereas Ole reconday effect i r  mainly the resalt of 
tho relative dirpkcernentr of poritive and negative ion., 

The X axir i r  the electric axil and the Y i r  called the mechanical, 
o r  third, axir. 



When quartz is strained in the direction of a polar axis only, 
charge separation occurs. Equal and opposite charges a re  induced 
in conductors placed on surfaces cut perpendicular to a polar axis 
and the charge irr a linear function of the strain. X-cut crystals 
(major surfaces parallel to the Z and Y axes) are  generally used in 
quartz pressure gages in preference to Y-cut crystals. There a re  
several rearons for this. Charge appears on the surfaces in the 
same plane in which the pressure i s  applied (termed the d l  l-strain 
coefficient for X-cut crystals). This makes electrode connection 
somewhat easier. The crystal i s  employed in a thickness vibration 
mode which gives a high natural frequency. Further, the crystal 
acts under simple compressive and tensile stresses. The use of 
other piezoelectric strain constants, i. e., recording the charge 
produced on the surfaces normal to the plane in which pressure i s  
applied, would necessitate applying the pressure a s  a shearing or  
bending force and connecting electrodes to crystal faces other than 
those on which the load was acting. These alternative modes a re  
sometimes used in order to obtain higher gage aenaitivities, but at 
the expense of frequency response. 

Quartz is  chemically stable, free from hysteresis (the residual 
charge in a cryrtal that remains af:e-,. a pressure cycle), mechani- 
cally rtrong, available a s  high quality material, easily worked to 
close tolerances, and not primarily pyroelectric. The quartz 
cryrtalr have disadvantages, however. They have a low piezoelectric 
conatant, a high impedance output, and a r e  not sensitive to hydro- 
static pressure. They only give reliable measurementr when 
stressed below the dynamic elastic limit of quartz; s tress  wave 
reflection. from other faces of the crystal result in short readable 
recordr. The first three disadvantage8 can be offset by using mul- 
tiple cryrtal piler, a high reairtance amplifier, and by ensuring 
that pressure i r  applied only to certain faces of the crystal. 

Tourmaline exhibit. a hydroahtic rerpaare, but material which i r  
free from internal flawr ia difficult to obtain. Natural tourmaline 
rourcer a r e  nearly, if not completely, erhurted,  and large c r y r u l r  
(2 incher or greater) a r e  practically nm-edmtent outride of mureumr, 
Smaller c y r t r l r  (lorr thur 1 inch) of good quality a r e  rd l l  avaihble 
in a etock m.fntrinod by tbo Naval Ordnance Laboratory, krmrtiga- 
tion of practical methodr for growiag tourmaline cryrtalr h r  indicated 
t h t  thir ir porrible, although none a r e  being produced a t  the preemt 
time. 
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Because of their high dielectric constant, sensitivity, and ease 
of fabrication (and hence lower coat), polarized ferroceramics 
usually can be ured to measure smaller s tresrer  extending over a 
Longer period of time than can piezoelectric cryrtalr ruch a s  quartz. 
However, most ceramicr suffer from hyrtererir effectr. The main 
advantage of barium titanate ir its high piezoelectric strain constant, 
whereas that for tourmaline i s  comparable to quarts (X-cut quartz 
har a piezoelectric constant d l  equal to -2.04 X 10-l2  coulomb/^, 
2-cut tourmaline d33 equal to - 1.84 X 10- l2  coulomb/^, and 
BaTi03 equal to -5.6 x 10-11 coul~mb/N). A major disadvantage of 
the ceramicr i s  that the piezoelectric (i. e., polarization) charac- 
teristics a r e  lost if the Curie temperature of the material i s  
exceeded. T'nir seriourly restrict8 there renrorr at the high tem- 
peratures which a r e  encountered in nuclear blast measurementr. 
Other diradvantages include relaxation effects a t  shock prersQrer 
greater than about 100 pri which cause erroneour results in mea- 
surement of shock-wave decay, marked temperature sensitivity in 
addition to the Curie effect, and change in calibration after being 
shocked. 

Other piezoelectric materials, such ar  lithium sulfate, Rochelle 
salt, etc., a re  very brittle and rensitive to  humidity. Some will 
lore water of crystallization and break up. Otherr attract water and 
tend evientually to dimsolve. 

Pieroelectric renrorr ore rubject to degeneration of crystal 
characterirticr when exposed to intenre nuclear radiation; this 
degradation ir erpecially appsaent in high-frequency chracteriat icr .  
It ha8 been reported (Reference 2) t h t  quarts cryrtale a re  nat 
apprrtciably exporure-rate renritive and that cryrtalr with high 
natuq:al frequencier a r e  affected by prolonged irradiation approaching 
102C n/cm2 of iart  neutronr. Changer occur in denrity m d  lattice 
parameterr. The relf-generating cbrac ter i r t ic r  of the ferro- 
ceramicr a re  degraded about 10 percent when the material i r  i r ra-  
diated to a flux level of 10 l6 n/cm2. 

Table 2 l i r t r  a r u m m r y  of the charrcterirticr of r r a r h g  elemsntr. 
7.t murt be remembered &at rome of the parunsteta a r e  affected by 
the gage houriry or  the arrociated electromkr, o r  both. 

Thore readerr who wirh a more thorough deacription of aenaiag 
device8 a re  referred to the following: 
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Shock and Vibration Handbook, Vol. 1, Basic Theory and Measure- 
ments, by C. M. Harris and C. E. Crede, ~ c ~ r a w - ~ i l i  Book Co., Inc., - 
New York, 196 1. 

A definitive text on measurement systems. 

Telemetry Transducer Handbook, Vol. I, Flight Control Laboratory, 
Wright-Patterson Air Force Base, WADD TR 6 1-67, 196 1 (available 
from the Defense Documentation Center a s  AD 267 367). 

A rather full treatment of transducer fundamentals. 

GAGES 

The sensing elements described above may be employed singly o r  
combined in gGges used to measure a variety of physical phenomena. 
The following paragraphs do not describe a particular gage but rather 
l i s t  general requirements for any gage. More specific requirements 
for  each measurement will be given in the sections describing exist- 
ing measuring systems. 

Fundamental Considerations 

LINEARITY O F  RESPONSE. It i s  highly desirable, but not strictly 
essential, thai !.he gage response be directly proportional to the forc- 
ing function withi,: some specified operating range. A non-linear gage 
response increases the complexity of data reduction and usually 
results in a variable gage accuracy, which i s  also a non-linear 
function. 

TIME- AND ABSOLUTE-LOADING SENSITIVITY. The amplitude 
of the  signal generated should depend only on the magnitude of the 
forcing function and be independent of its rate of application, within 
the expected range of measurement. Further, the gage sensitivity 
should not depend significantly on i t r  past history of loading. 

RESPONSE FREQUENCY. The gage must have a rerrponre time 
adequate to  the parameter being mearured. The natural resonant 
frequency of the senring element bears a relation to  the function of 
the Rage in which it i s  coed. A aeneing element with a low natural 
frsquency ueually requires a sitable dieplacement to generate a 
rignal. Since the element must aenae t h ~ r  dieplacement without load- 
ing the ryrtem being mearured, the low-frequency senaorr a r e  
usually ured in gages derigned to  mearure dieplacement, atrain, 



s t ress ,  and velocity. Sensing elements with a high natural frequency 
a r e  better  suited t o  measure  minute displacemente, and usually a r e  
used to  measure  rapidly changing pressure ,  acceleration, and 
velocity. 

It is the frequency response of the gage that i s  the important 
factor, however, and the interaction of the sensing element and the 
gage must  be considered. The s a m e  high-frequency rerponee sensing 
element can, when coupled with a  tiff spring and/or t o  a light mass ,  
produce a gage with a high natural frequency, or,  if coupled to  a 
heavy m a s s  and/or  compliant spring, function a s  an  instrument with 
a low natural frequency. 

FREEDOM FROM FALSE SIGNALS. The gage should respond 
solely to  the forcing function. Three  common sources  of false 
records are:  

1.  ist tort ion of the gage body by the p ressure  field, inducing 
a spurious output by straining the sensing elements 

2 .  St ress  waver, induced in the gage body a t  a point other 
than a t  the sensing element, traveling through the gage body 
and s t ress ing the sensitive elements 

3. Thermal effects in either the sensing element o r  in the gage 
body inducing s t ra ins  and generating a spuriour signal. 

RUGGEDNESS. The gage must withatand the application of the 
force being measured wrthout distorting the signal tranrmitted. 
This does not necessarily mean that the gage muat be designed to 
survive in the environment being mearured,  o r  be recoverable for 
further uae, but the gage muat t ransmit  a valid repreaentrtion of 
the forcing function before it i r  damaged o r  destroyed. 

SENSOR SIZE. That portion of the gage which senses  the forcing 
function must be a m a l l  enough s o  that no significant r t r e r r  gradient 
exirta ac rora  it8 8urface. If the gage urea a diaphragm to  tranamit  
the forcing function, rta thicknera mu8t be cdjurted to the mearure -  
m a t  requirement. The thicker diaphragm may be able to wfthrtrad 
the greater  lording but i t  r e m l k  in a roduced frequency rerpoclra. 

In addition to  the f.mdament.1 dcrign requirements for a11 @ages, 
p r t i c u l a r  cnvironmenta or rpecific mearurementa impore further 
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constraintr on'gage design. For instance, a gage designed to measure 
incident preeeure ie UP-nlly configur~d ?G Ielaure that the sensing 
element i r  parallel to the particle flow af t he  wavc. 

For target response studies, a prirne conaideration is that the 
gage should add negligible mass to the target, but i ts  presence siculd 
not alter the rerponee. 

It i s  in underground measurements that the design of the gage 
arsumer a paramount importance. To measure roil a t re r r  and ac- 
ce le ra t ion~ accurately, the gage must be ernall, must be density- 
matched to the displaced soi.1, must be insenritive to lateral strecr,  
murt  exhibit a minimum friction between the gage and the soil, and 
finally must not reeonate in the frequenciee being mearured. 

THE TRANSMISSION SYSTEM 

Classically, a measurement irivolves a calibrated reproduciolz 
measuring device o r  sensor, a means of information tranrferz1, and 
a recorder of adequate dynamic range, fidelity, and frequcn-y 
rerponse. 

The ta rmr  "tranrmirrion ryrtem" and "telemetry" a r e  considered 
synonyrnr. They may be defined a s  any ryrtem by d i e t :  ,nalogr of 
a msarurement performed at rome loeation a r e  reproduced a t  
another location in a form ruitable for dirplay, recording, or i ~ o e r -  
tion into data reduction equipment. In this report, "izanrmiarion 
myatem" i s  used to cover all of the methodr of aignal tranrber, and 
"telemetry" i r  rertricted to &to transfer by -adto Matar. Thir i r  
in line with recent usage which differentiates betweoil 'Pairr.metq" 
and "wire tranrmirrion. " This rection will ; t ~ t  deal with h a  intricate 
methodr of linkage and transfer in mechataic~l gages. * We will 
rer t r ic t  thir brief dtscurrion to the tranarniarion of signals from 
electrical and electroxsrechanical yagei. 

The output aigrul from a gage can be tranclmittad ot signal ire- 
quency if the renrinu element i r  relf generati:.$, or ~f l t  ie urad to 
modulate a di ract-current carr ier .  M o ~ t  rystamr, trowavar, utiilzs 

* Where applicable, there mechanical probiernu are diacusasd in tha 
rectionr on mechanical rirbtart  gages and long-rpn  disylacarnent 
gage.. 
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the signal from the sensor to modulate an a-c carrier,  for this 
generally rerults in a lower noiee level than the direct transmission. 

An important requirement for any modulated carr ier  myrte& is  
that the maximum signal frequency be much lower than the frequency 
of the carr ier  wave; otherwise the carr ier  cannot be properly 
modulated. 

There a re  two fundamental methods of carr , e r  modulation: ampli- 
tude modulation (AhA) and frequency (or phase) modulation (FM). The 
FM system ir umully preferred becaure i t  provides superior signal- 
to-noise ratio. A dircuesion of the relative merite of the two systems 
is  beyond the scope of this report. 

It i s  posrible to multiplex a number of indepenaent data signals on 
a single carr ier  channel and transmit them simultaneously and 
unambiguoauly. Two methods of multiplexing in common use a r e  
frequency division and time division. 

Frequency-divirion multiplexing m y  employ a multiple-rnoduleti~? 
technique; each signal modulate. a reparote rubcarrler of different 
frequency, and a11 the rubcarrier frequencier modulate a main carr ier  
wave, In nome inrtancer, much am a rhort wire tranrmi:;ioa link, 
the ru5crrrier frequencier n u y  be fed directly to the line. The 
racclvad and detected carr ier  (1.8.. a11 the rubcarriarr), o r  the out- 
w t  of the wire link, ir fed to a set of tuned rubcarrier direriminatore 
jraraivsrr) which reparats the tadivid\z;rl mubcmrriera. The latter a r e  
then demodulated in the usual maaint;.. 

ta rime-division multipfsxing, the rignrlr axe rampied in a datintte 
raquanca by a ewitching device callad a multtp3exer o r  commutator. 
This rystern i r  mart  appropriate when tba r i p r ~ l  magnitude doer nM 
vary rapidly rith time, rnd t h s  i : d r  lit?le uro in the mrrrurameat 
of tnruisa3  bkrs uavrr. 

Either AM or Fbl csn be ured to mrwlsl~tt either the rubcarrber or  
the currier. P'IJ ir moat ir6quontIy uaad in er\ack rwdier. A ryrtem 
in which bath mukcatriat a d  carrier awe frqwncy-moduhted ir, 

derigorted an W/FM oyrtem. 

For aay carrier iraquency, 1% rubcrrriarr, with center (unmod- 
&tad) frwuencrer trryling from 400 to 70,000 Hs, hrve been atan- 
dardi~od  by the Inter R a q e  Inatnunedtation Group ( I R K ) .  There FM 
r u b c ~ t ~ i a i -  itequendeer are r h o m  in TaMe 3. 
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I-, Table 3. IRDG band frequencies. 
- 

SUBCP.RRIER BAND 

k n d  

1 
2 
3 
4 

' 5  
6 

* 7 
' 8  
* 9 
'1 0 
'1 1 
'12 

14 
*I3 

15 
16 
17 
18 

LomrLimit  
(Hz) 

370 
51 8 
475 
888 

1 , 202 
1,572 
2,127 
2,775 
31 607 
4,995 
6,799 
9,712 

12,412 
20,350 
27,750 
37,000 
481 !XI 
64,750 

OPTIONAL BANDS 

Center 
Frequency 

(HZ) 

400 
560 
730 
OM) 

1,300 
1,700 
2,300 
31 OOo 
3,930 
5,400 
7,350 

10,500 
14,500 
22,000 
30,000 
40,000 
52,W 
70, om 

YO, 000 34,500 
40,000 1,2Od# 
52,500 1,600 
70, GOO 80,500 2,l 0dis 

A 
B 

*C 
D 

* E 

UpperLimit 
(Hz) 

430 
602 
785 

1,a2 
1,398 
1,828 
2,473 
3,225 
4,193 
5,805 
7,901 

11,288 
15,588 
23,650 
32,250 
43, OOo 
56,440 
75,250 

* Prefened Bonds Reference: Inter Range Instrumentation G r w p  of the 
Range Commander's Conference Document No. 10660. 

NOTES: 
A. This bond may bs emplcyed by omitting the 30-kHz band. 
B. This bond may be employed by omitting the 22- and 40-kHz b o d .  
C. This band may b, employed by omitting the 30- and 52.5-kHz bands. 
D. This bond may be employed by omitting tho 40- and 40-kHz bun&. 
E. This band may be emplopd by omitting the 52.5 kHz band. 

I For acceptable lowar signol-to,-noin ratio this figure may be inchrased to 3,390 
Hz max. 

# #  For acceptable lower signal-to-noise ratio this figure ma) be increased to 6,000 
Hz max. 
For acceptable lower signal-to-noise ratio this figure may be increased to 10,500 
rlz man. - 

18,700 
25,500 
34,000 
44,620 
59,503 

Sukarrier 
Deviation 
(percent) 

k7.5 
r7.5 
k7.5 
k7.5 
*7.5 
*7.5 
*7.5 
k7.5 
*7.5 
k7.5 
k7.5 
k7.5 
k7.5 
k7.5 
k7.5 
k7.5 
k7.5 
*7.5 

Maximum 
Intel.Frequency 

(Hz) 

6 
8 

11 
14 
20 
25 
35 
45 
60 
80 

110 
160 
120 
33 0 
450 
600 
790 

1,050 
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Since the maximum permiasible IRIG deviation i s  7.5 percent of 
the subcarrier center frequency, the higher frequency ~ u b c a r r i e r s  
have increasingly greater eig-1 carrying capacity. 'The lower fre-  
quency eubcarriers a r e  suitable only for modulation by signale that 
change relatively slowly with time, i. e , ,  low data ratee. The higher 
bande a r e  employed for high-frequency data. 

In FM/FM transmission systems, the electrical data signal from 
the sensor i s  used to frequencpmodulate a subcarrier oscillator 
in one of the standard IRIG bands. The output8 of the subcarrier 
oscillators a r e  mixed and used to frequency-modulate the transmitter. 
After transmission (by either a radio or  wire link), the FM/FM out- 
put composite is separated into the various subcarriers by band- 
pass filters and the equivalent data signal i s  recovered by FM 
disc rimination. 

The FM/AM technique i s  basically the same as  FM/FM with the 
exception that the FM outputs of the subcarrier oscillators modulate 
the amplitude of the transmitter, rather than the frequency. At the 
receiving terminal, the AM receiver output feeds the composite 
subcarriers into standard bandpars channel filters and discriminators, 
whose output i s  the equivalent data signal. 

The time-division multiplexing systems, such a s  pulse amplitude 
modulation (PAM), pulse code modulation (PCM), and pulse duration 
modulation (PDM), which a r e  popular in space telemetry, a r e  not 
used in blast and shock research. Data rates a r e  lower and equip- 
ment tends to be more complex and costly than for FM/FM. The 
newest solid-state commutation equipment used in pulee eysteme i s  
capable of about 30.000 samples per second; thie may prove adequate 
for blast studies. The data i s  converted from analog (voltage) to 
digital form (usually binary coded) and can be made directly suitable 
for data reduction in a digital computer. The PAM, PCM, o r  PDM 
signal8 may be transmitted via either AM or  FM; the latter i s  
usually preferred. 

Data Tranmiuion 

Two classes of schemes may be used for relaying data in electric 
current ox, voltage form (analog o r  digital) to the recording equipment: 

1. High-quality cable 

2. Broadband telemetry. 
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The cable has the advantages of being simple, hard, and dependable, 
but it does necessitate physical connection of a continuous long metallic 
conductor to the Eiensor, and its consequent penetration of the explosive 
environment i s  potentially a source of severe (local, at  least) pertur- 
bation. In addition, in a nuclear environment such a cable can pick up 
spurious E M  signals in the manner described below. 

Broadband (micro-.vave) telemetry tends to become complex, volu- 
minous, unreliable, and lacking in dynamic range; but it does, in 
principle, eliminate the long conductor penetration. For close-in 
nuclear m.~asurements,  it would be seriously attenuated (probably to 
cut-off) by the ionized medium at all  but the earliest times. 

Current developments in millimeter wavelength techniques offer 
promise for overcoming this obstacle. Even more promising i s  the 
possibility of going to optical wavelengths. Laser schemes for this 
purpose a r e  being developed. Some of these use a flexible fibre 
optics light plant to eliminate the need for a precisely aligned optical 
path. 

HARDWIRE TRANSMISSION. Recording equipment i s  usually 
situated far enough from the burst point to  minimize explosion effects, 
but close enough so that transmission effects do not interfere with 
reliable recording. In practice, an upper limit of cable length 
between gage and recorder i s  about 8,000 feet; some sensing elements 
require shorter spans. Higher car r ie r  frequencies, which accom- 
modate higher data rates, a r e  somewhat more difficult to transmit 
because of the cable losses and greater bandwidths involved. Hardened 
recorders partially offset this restriction by permitting the recorder 
to be placed closer to the gage. 

In addition to the normal problems of hardwire cable, such a s  the 
poeeibilities of moisture o r  dirt  affecting connections o r  inadvertent 
breakage, the explosive nuclear environment imposes rather severe 
forces on any cable transmission system. Three basic effects may 
be recnjgnized: physical damage by the shock wave, transient 
radiation-induced effects, and electromagnetic effects. 

Physically, a cable may be broken by ground motion o r  cruclhed by 
a pressure pulse. The crushing effect may degrade the signal ar i t  
may destroy it. * The importance of these effects depends on the 

* This crushing effect can, in fact, be used a s  o method of determin- 
ing the speed of shock propagation. See the section on SLIFER 
cables in Part  4 of this report. 



time when destruction occurs in relation to the time of interest of 
the parameters being meaeured. 

Intense pulaes of radiation can produce significant perturbation 
in electrical cables and wiring, eepecially coaxial signal cablce. 
Even with no voltage applied, a cable may exhibit a signal when 
exposed to a radiation pulse. These "TREE" effects on cables a r e  
discuesed on page 200 in Section 6 of this report. 

In addition to the radiation-induced effects on the hardwire trans- 
mission system, a detonation will produce a low-frequency electro- 
magnetic pulse which can be transmitted along the wire. The EM 
pulse has been responsible for a great number of instrument failures 
during nuclear tests. 

A section of this report dealing with the effects of theee radiations 
on entire measurement trystems and methods used to counter these 
effects begins on page 48. 

RADIO TELEMETRY. It i s  often impractical to recover an 
inetrument canister or to use hardwire transmirsion of data. In 
ruch cases radio telemetry ir employed. 

Usually the measured quantitier a r e  telemetered in real time 
a s  the actual measurement ir being made. Timing information 
generally is added at the receiving station. However, wher. the 
instrument package, o r  the data link, is  axpored to the highly- 
ioniaed region, or  other disturbancer caused by a nuclear blast, it 
sometimes i u  desirable to record the data locally for later trans- 
mission. When data is tranrmitted in this manner, timing must Be 
added at the time of recording. 

A typical FAA telemetry tranrmitter i r  cryrt.! etabiliced, has an 
average power output of 2 to 5 watts, and utilisae a car r ier  frequency 
in the 215- to ~ ~ O - M X Z  range. An R F  amplifier mag be added to 
increar. the power. High-gain antennas often a r e  gred for trasilmit- 
ting, receiving, or  both. Not only Iu the rignal strength increased, 
but interference i r  reduced. Antenna arrays for increasing the gain 
a re  relatively simple structurerr if great phyrical rtrength i r  not 
required. Multiple receiving rtationrr a r e  sometimes used to insure 
an unobstructed line of atght. 

The 215- to 260-MHz band ia more rusceptible to rignal 108s due 
to atmospheric ionization than r r e  the higher-frequtncy bands. The 
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factors affecting propagation disturbances a r e  covered in Electro- 
magnetic Blackout Handbook (Uj, DASA 1580- 1, Volumes 1 and 2 (SRD). 

The receiver is usually of a tunable design which can receive any 
frequency within the telemetry band being utilized. When better eta- 
bility i s  required, the receiver frequency can be fixed and controlled 
by a crystal oscillator. The recelver system separates the composite 
subcarriers from the car r ie r  signal through a filter and discriminator 
network. 

The telemetry ground station, in addition to the ground-based 
components of the RF link mentioned above, usually contains equip- 
ment for proceseing and recording data. The subcarrier signals 
a r e  still in a multiplexed state a t  the receiver output and must be 
separated and demodulated in order to recover the data. 

RECORDING 

The output from the sensors can be preserved by a variety of 
methods. Recording galvanometers, photographic reproduction of 
the raster  display of a ca thode - r r~  oscilloscope, and magnetic tape 
recording have been used, either singly or in combination, to record 
the output from electromechanical gages. Scratches on glass, 
plastic, o r  metal make a permanent record from mechanical gages. 

The recording systems used by most laboratories a r e  commer- 
cially available, augmented by special equipment to fit a particular 
need. Normally the cost of a recording sysLem is  so high that an 
agency is committed to i ts use for a number of years with only cer -  
tain modifications and renovations being financially feasible. The 
availability of a specific recording system oftsn dictates the types of 
other components selected in a measurement system. 

Electromagnetic O I c i  Ilogroph 

There a r e  two basic types of oscillographs using galvanometers: 
the direct writing and the light beam type. The basic component in 
both formr i s  a moving coil galvanometer. In concept, the galva- 
nometer employs the principle that like magnetic polev repel each 
other. If a wire coil is  energized with electric current, a magnetic 
field i s  developed. When this coil ir rurpended in the field of a per- 
manent magnet, it tends to orient ~ t r  field with that of the permanent 
magnet. If the coil is  energized by the output of the ransing element, 
i ts  deflection will be proportional to the energizing current. 
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In the direct-writing type of oscillograph, a pen attached to the 
moving coil t r aces  an ink record on a continuously moving paper 
str ip.  The t ime dimension i s  usually determined by a known speed 
of paper movement and is  accurate to f 5 percent. When the f re -  
quency of the wave being recorded exceeds about 100 Hz, the required 
speed of the pen i s  too high for accurate  readings. 

The light-beam type of oscillograph i s  more  accurate and records  
frequencies a s  high a s  5,000 Hz. In this device the coil, with a p  
attached mi r ro r ,  i s  suspended f rom a copper o r  gold ribbon a few 
thousandths of an  inch wide and l e s s  than 0.0001-inch thick and se rves  
a s  an  optical pointer t o  indicate the coil position by reflecting a light 
beam. The recording is  accomplished by the effect of the light on a 
sensitized paper strip. Manufacturers have reported galvanometer 
resonant frequencies a s  high a s  20,000 HZ;* however, the galvanom- 
e ter  resonant frequency must be considerably higher than the highest 
frequency of the waveform being detected. 

It i s  common practice to duplicate the recorders  for better  rel ia-  
bility. Dual-channel galvanometers, of different sensitivities, a r e  
used to provide a wide dynamic range. A separate timing backup 
system may be used. 

Oscillographic recorders  may have as  many a s  36 data channels 
per recorder.  Paper speed may be varied from 114 inch to  160 
inches per  second. Normally Eastman Kodak type 809 photographic 
paper in 250-foot rolls i s  used. This paper i s  reasonably good a s  
far  a s  radiation effects a r e  concerned. A 10-roentgen exposure will 
produce some fogging, but readable records have been produced with 
radiation exposures of between 50 and 100 roentgens. The eus- 
ceptibility of the recording medium to radiation exposure and the 
consequent requirements of shielding and ear ly  recovery a r e  major  
drawbacks of this type of recording system. 

In addition to being radiation sensitive and having rather low 
frequency responses, galvanornetera a r e  extremely fragrle and can 
tolerate only low levels of shock and vibration. This l imits their  
application in field tes ts  unless special shock-mounting techniques 
a r e  used. 

C a r e  muot be taken to prevent galvanometar burnout f rom the 
electromagnetic pulse. This can be accon~plished by extremely 

This may be wirhful thinking. The highert galvanometer reaponre 
that 3RL ha8 heard of ir  about 13,000 Hz. 
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careful shielding or  by electrical disconnection of e i i  gage and gage 
cable from the recorder a t  zero time for a few milliseconds. The 
EMP effect has been the greatest single factor contributing to data 
loss during nuclear field experiments. 

The high-frequency limitation imposed by the mechanical inert:-a 
of the sensing element of an electromagnetic oecillograph i s  largely 
overcome by use of the electronic cathode-ray oscilloscope. These 
devices have improved remarkably in recent years. A typical upper 
limit of frequency response for continuous display of repetitive 
waveforms is about 50 MHz, with 1, GOO MHz possible through the 
use of special sampling techniques which systematically measure 
very short samples of the signal voltage and display them a s  a ser ies  
of dots to reconatruct the waveform. Very low frequency signals 
can be conveniently observed by the use of storage tubes, with 
adjustable persistence of the trace, so that the entire waveform can 
be "paintedt' on the CRT (cathode-ray tube) phoephor and retained 
for a s  long a s  desired-several minutes, or even an hour. Accuracy 
has been improved, so that vertical and horizontal displacement, 
corresponding to signal voltage and time, can be measured to f 3 
percent with standard built-in circuitry, and accuracy can be 
improved with special calibrating devices. Some designs eliminate 
parallax e r ro r s  by placing th t  graticule on the CRT face in the same 
plane a r  the phosphor, or by mixing calibrating markers  with the 
signal so that they a r e  subjected to the same distortions a s  the signal 
and displayed with it. Rug,edness has been increased and rise, 
weight, and power consumption reduced by the use of derignr utilizing 
solid-state circuitry. Photographic attachments a r e  available which 
make the recording of either repetitive o r  transient phenomena much 
more convenient. 

The upper frequency limit of a CRT orcillorcope i r  determined by 
the characterirtics of the amplifier8 and other circuitry arrociated 
with the CRT, and by the brightneep of the t race produced on the 
phosphor. That is, a rignal cannot be usefully dirplayed if it cannot 
pars  through the amplifier6 and caure deflection of the electron 
beam in the CRT, o r  if it caurer the beam to move 80 rapidly that 
inrufficient light i r  produced when the r t ream of electron8 exciter 
the phorphor. If the rignal i r  repetitive, the phorphor intagrater 
the effect of ruccorrive writingr of the electron beam, and rubrtan- 
tially higher sensitivity results than in the caue of eingle traneient 
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rignalm such as  shock waves. However, transients may be recorded 
fo r  later observation by automatically triggering a camera using 
very fast film, available a s  standard equipment. 

A major use of CRT oscillomcopes has always been the derign, 
trouble-shooting, and calibration of all kinds of electrical equip- 
ment and inrtrumente, in both the laboratory and the field. With 
more rugged and compact designs and improved photographic tech- 
niquer now available, the CRT oecillorcope ir increaringly important 
a s  an instrument in its own right. 

A major problem with the CRT oecilloscope in field recording of 
blast and shock data has bean triggering the scope sweep to coincide 
with the arrival of the signal to be measured. One rolution to this 
problem i r  given on page 2 15. 

Since about 1946, magnetic tape recording has advanced from a 
technique suitable only for audio work to  r very high quality method 
for recording mignalr from rcientific inrtrumentm. Although video 
tape i m  umed to record televirion mignalr with frequencier up to 4 
MHz, the recording method introducer dirtortion which, although 
acceptable to the televirion vieyer, i r  intolerable for rcientific 
purpomem. Freguencier up to perhapr 1 MHz can be recorded on 
modern inrtrumentation-quality tape recorder .: . However, moat 
inatrumentation recorders a r e  designed with multiple channelm on 
one tape, typic-lly 7 channelr on a 112-inch tape or 14 channelr on 
a 1-inch tape, and each channel i s  limited in upper frequency rerponre 
to 100 to 250 kHe. Each channel may be umed to record mukiplexed 
rignalr. Hence, a very large number of meamurtmentm can be 
recorded rimultmeoumly. 

A magnetic tape inatrumentation recorder includar three baric 
componentm. The magnetic head recordm information on the tape 
and recover8 it from the tape. The tape tranmport ryrtem mover 
the tape acrorm the magnotic headr rrnootldy and at a conmunt mpeed. 
The record and reproduce amplifierr procemm the input r igmlr  going 
to record headm and the output rigmlm coming from the playback o r  
reproduce headm. 

A magnetic head conmirtm of a coil wound on a magnetic core. 
The core im very carefully machined mo am to form a ring which im 
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closed except for a narrow non-magnetic gap. The tape i b  trans- 
ported past the head, and against the gap, so that the iron oxide 
particlee deposited on the plastic tape act a s  a part of the magnetic 
circuit. When electrical current representing a signal flows through 
the coil, magnetic flux is set up in the core and the tape. The oxide 
particles on the moving tape become magnetized in proportion to , 

the Cux strength. (The magnetization curve necessarily is far from 
linear, since the particles must retain induced magnetization. ) 
During playback the magnetized tape passing the gap induces flux 
through the core, and thus a voltage in the coil. 

The mechanical precision required of the tape, heads; and trans- 
port mechaniem is difficult to maintain under field conditions; dust, 
temperature variation, moisture, etc.. can cause difiicultiee. 

To overcome the inherent non linearity of the magnetization of 
the tape, either d-c o r  high-frequency, a-c bias may be used, 
usually the latter. The process by which a-c bias causes the record 
characteristic to become linear i s  often described a s  quite myster- 
ious; understanding of the phenomenon is not quite so uncertain a s  is 
implied, but in beyond the scope of this review. 

Frequencies below about 50 Hz will not produce usable signals 
because the rate  of change of flux i s  too low. When such low fre- 
quencies a r e  to be recorded, an indirect method i r  employed. A 
car r ie r  signal i s  frequency modulated with the desired signal, then 
recorded on the tape. Not only is the low-frequency limitation 
overcome, but the FM car r ie r  i s  esrentially insensitive to the non- 
linearity of the tape if the recording signal is made strong enough to 
saturate the recording medium. Further, a number of AM, FM, or 
pulee eignaln may be placed on the rame FM carr ier ,  using IRIG o r  
other multiplexing techniques (dircureed earlier), and a number of 
car r ie rs  may be recorded on the rame tape (using a separate head 
for each channel). 

Blart and rhock magnetic recording is accomplirhed almort exclu- 
sively in the FM mode; however, the direct recording of pulse8 on tape 
ir  more prevalent today in other scientific fields bacaure of the popu- 
larity of computern. The data proceerit~g machine8 rely heavily on taper 
for lnput, output, and rtorage. Simple yar-no binary pulse recording 
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is the mos t  reliable; tape vagaries which would disable a n  amplitude- 
sensitive sys tem a r e  ignored by a pulse system. * The equipment 
external  to  the tape recorder  which is  required for pulse recording 
i s  formidable, and i s  not yet in wide use for field records .  How- 
ever,  s ince digital (pulse) records  a r e  compatible with automated 
data-processing techniques and offer great  advantages over  analog 
records  in t e r m s  of the accuracy attainable, they a r e  finding 
increasing use. 

A decided advantage of multiple-chancel recording on the same  
tape is  that t ime synchronization between channels and eventn i s  
m o r e  readily established than when separa te  records  a r e  made. 
The importance of the absolute t ime base i s  much reduced; the 
emphasia shifts to  the calibration of electr ical  delays and mechan- 
ical imperfections, such a s  skewneos of the recording and reproduc- 
ing heads, tape stretching and flutter, etc. A 100-kHz sine wave 
often is  recorded on one channel of the tape to  se rve  a s  a t ime  
reference and, through use of feedback and frequency-measuring 
circuits, t o  a s s i s t  in controlling the speed of the tape drive mech- 
anism during playback. 

Records from tape may be played back a t  speeds different f rom 
those a t  which records  were made, s o  that the t ime base  can be 
expanded o r  compressed. This feature may be very  advantageous 
iri producing paper tapes f rom the magnetic tapes, in making spect ra l  
studies, in s e a ~ c h i n g  for  specific events, etc. 

When periodic signals a r e  imrnereed in uncorrelated (random) 
noise, the desired signal sometimes can be recovered f rom the 
masking noise by forming tape loops and playing the tape back into a 
memory device, such a s  a CHT oscillorcope, with a medium- o r  
long-persistence phosphor. Although this  technique will not work 
for mingle-transient signals, ruch a s  those usually encountered in 
blast studies, it may be applicable to s t ructura l - response  studiem or  
o thers  in which resonance of a mare - rp r ing  svs tem i s  being 
observed. 

* A heavily-raturated F M  recording io almost  like a pulse recording, 
except t b t  the precise width of the FM "pulee" ( i .  e., the t ime  cif 

zc ro  c r o a s ~ n g )  is Important, wherear in t rue  binary r e c o r d ~ n g  only 
the existence o r  non-exirtencr of magnetization within a n  allocated 
tone 1s Important. 
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THE MEASUREMENT SYSTEM IN FIELD TESTS 

A fundamental consideration for selection of instrumentation for 
field studies involves a tradeoff between complexity and reliability. 
This does not necessari ly mean that a l l  complex sys tems will be 
unreliable, but i t  does point out a primary difference between a 
laboratory experiment and a field experiment. In a field t e s t  there  
may be but one opportunity to  obtain data; thus instrument rel ia-  
bility must  be high. In the laboratory, however, a n  experiment may 
be repeated a number of t imes,  and instrument malfunctions a r e  
usually annoying ra ther  than disabling. 

A sys tem which performs poorly in the laboratory obviously 
should not even be considered for a fielci operation. But having a 
system which performs well in the laboratory i s  not, in itself, a 
guarantee of good, o r  even adequate, performance in the field. The 
problems of EM shielding, atmospheric dust, dir t ,  and moisture,  
in addition t o  the unavoidable rough handling in field t ranspor t  and 
installation, may prove insurmountable to a laboratory system. 

In selecting a part icular  system, six major  factors should be 
considered. Fi rs t ,  what i s  the physical quantity to be measured 
and which instruments a r e  available for that measurement?  Second, 
what i r  the accuracy requirement of the measarement?  This  dictates 
the dynamic rerponee and the frequency response of the ent i re  system. 
Third, how many separa te  measurements a r e  required and what i s  
the t ime period of measurement?  Fourth, what i s  the environment 
which the system, o r  Individual components uf the system, must  
withstand? This must  include a consideration of the normal environ- 
ment as well a s  the tes t  environment. Fifth, what a r e  the human 
factor8 involved? The degree of instrument complexity, the place- 
ment of the sensors.  and the procedure8 used to  check out and main- 
tain the ryrt.r?r. inurt  be considered against the experience and 
rtaotivation of the technical personnel involved in the project and the 
t ime available for there  procedures. 

The rixth factor, although frequently overlooked when derigning 
a mearurement ryrtem, i m  eraential.  T o  avoid burial under a mrmr 
of data, careful thought must be given to  the variour al ternative 
formr of data output 80 that the nocerrary  data procerr ing can be 
handled quickly and accurately. Deta reduction mumt be programmed 
durinp the deoign of an experiment, not r f terwrrdr .  
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When attempting any measurement in an intense nuclear radiation 
eiivironment, an investigator i s  faced with severe restrictions with 
respect to the choice and deployment of his instrumentation. Two 
radiation manifestations a r e  noted first, an effect on electronics 
due to transient radiation (TREE) caused by the direct interaction 
of the ionizing radiation with the measuring system, and second, 
electromagnetic pulse (EMP) effects whereby the measuring system 
acts  a s  an antenna to receive a transient E M  signal produced by the 
burst. * 

For many eysteme, the problem of the effect6 of nuclear detana- 
tions cannot be clearly segregated into EMP problems, TREE prob- 
lems, thermal problems, blast probleme, etc. Rather, these effects 
can interact in a way such that the combined effect i s  much more 
serioue than i s  any particular effect taken alone. A related design 
problem is  that while it i s  often comparatively simple to protect a 
system from ona particular effect, the protection can actually soften 
the system to some othet effect. Thus, the syrtenrs deaigner must 
always keep in mind the necessity of obtaining a realistic balanced 
syatcm hardneae. 

The TRSE effects on elecPronic measuring ryrtems can be both 
traaaigut and permanent in nature. The permanent effcctr a r e  
arurlly due to dirplacement of atom8 located in crymklline latticer 
rnd a t e  produced by close collirionr between incident nuclear 
particlea and the cryrt.1 atornr. Thasa parmanant effects a r e  asr- 
mallv of little concern in blart and rhock mcasuramcntr, for they 
degrade oaly much ramiconductorr (arrd quarts cryrtatr)  which depend 
upon 8 very high degree of c r y r k l  regularity for proper function. 

Thir EM rigml ir not untque to a nuclear detonation, but can a1.o 
be obrervad in large cilarnical sxploriona. 



Most transient effects result from the generation of ion pairs in 
the system by the incident radiation. These ion pairs ultimately 
cause either photocurrents in transistors, o r  diodes or  leakage 
currents in dielectrics. Data indicating the magnitude of TREE 
effects in various cables a r e  presented starting on page 200. 

The radiation effect of major concern to blast and shock expcri- 
menters i s  EMP and will be dealt with in some detail below. The 
following paragraphs were adapted from unclassified portions of 
Electromagnetic Pulse Phenomenology and Effects (U), DASA 171 1 
(DASIAC SR-41), 1966 (SRD). 

EMP 

The E M P  signal i s  characterized by high power but low energy, 
a consequence of i ts  highly transient nature. Low-frequency com- 
ponents of the pulse may propagate both electric and magnetic 
fields to considerable distances from the burst and to considerable 
depths below the earth's surface (Reference 6). The signal peaks 
a t  about lom8 seconds and lasts about 5 to 10 microseconds, but the 
effective fields a r e  reduced to 11 10 peak magnitude within one 
millisecond. 

EMP Generation 

The chief agent for the production of electromagnetic fields from 
nuclear explosions i s  the gamma radiation. The y rays produce a 
current of Compton recoil electrons which acts a8 a source of fields, 
and by ionization processes, makes the a i r  a conducting medium. 
However, most of the detonation energy i s  ordinarily emitted in the 
form of x raya. By Compton scattering and photoelectric absorption 
in the air ,  these also produce electric currents and lead to effectr 
rimilar to the 7-ray-induced effectr, errpacially a t  high altitudes. 
The field. produced by these effectr a r e  generally smaller than 
thore produced by 7 rayr. 

The gamma radiation from the explorion of an  atomic bomb may 
be subdivided into reven componentr which have a relative importance 
depending upon the time scale of intereat and altitude of the explorion. 
There componentr are: 

Prompt-thore gammar emanating from the bomb itrelf 

Ground and a i r  inr!*(rtic- thore gamma8 rerul thg from 
k a t  neutron int- 1 '. - in the ground and with the a i r  



Ground and a i r  capture-those gammas from neutron 
capture after slowing down 

B Ieomeric-those gammas emanating from decay of ieomera 
of the fission debris 

Fission product-those gammas reeulting from 'b&@ decays 
of the fission products. 

The deecriptions of these various components may be made with 
varying degrees of assurance and, in general, a r e  dependent upon 
calculations which have only partly been verified by experiments. 

The electron current which initiates the nuclear electromagnetic 
pulse (EMP) and the conductivity which shapes the EMP pulse a r e  
products of Compton collisions of prompt gamma rays. The Compton 
current and the ionization rate a r e  complicated functions of time a t  
any point. These functions reflect the arr ival  times, angles, and 
energies of gamma rays. For use in  a gamma-ray transport theory, 
the prompt gamma rays can be effectively considered a s  coming 
from an isotropic point source. The finite dimensions of this source 

, can be neglected in calculation because of the much larger  dimensions 
of the effective EMP-producing source region (on the order of 
hundreds of meters to several kilometers a t  sea level). Source 
isotropy i s  a reasonable assumption because the environmental 
ani~otropies  a r e  usually more severe than the weapon anisotropies. 

NEAR -SUR FACE BURST. The gamma rays that enter the ground 
fo r  ocean) from a detonation slightly above the surface a r e  absorbed 
in a very nhort distance, a few meters  at  the most. Thus, over 
moat of the dirtancee where there a r e  sizable Compton currents in 
the air, there a r e  none in the ground. We thus have a hemirpherical 
distribution of Compton currents in the air .  However, the ground 
i s  usually a better conductor than the a i r  (except very near the 
burrt), ro  that the current of conduction electronr, instead of flowing 
radially inwardr, will flow partly to and in the ground (Figure 4). 
Thur current loopr a r e  formed, with Compton electronr flowing out- 
ward in the air, and conduction electronr returning in the a i r  and 
ground. There current loopr give r i se  to a magnetic field, which 
i r  largert a t  the rurface of the ground, and which run# clockwire 
asimuthally around the burrt  point. The electric field i s  tilted near 
the ground r o  a r  to be roughly perpendicular to the ground, and i r  
directed upwardr ro  a r  to drive conduction electrorra into the ground. 
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figure 4. Influence of ground on return conduction current. 

FREE AIR BURST. The previous paragraph discussed the fields 
produced by the gamma-ray induced Compton recoil electrone, 
neglecting the effect of the earth's magnetic field. In all cases the 
asymmetries (ground, air, and bomb) were in the gamma-ray flux 
and production of Compton electrone and ioniaation. The net electron 
motion was radial, and thus the source for the EM fields was a pulse, 
a radial current expanding with light speed from the burst point. - 

In the presence of the geomagnetic field, the Compton recoil 
electrons are  deflected from their initially radial directionr. The 
current pulae then contains transverse a r  well a r  radial componentr. 
Thus, even with complete symmetry of gamma-ray flux and electron 
production, there a r e  sources for magnetic and non-radial electric 
fieldr. In fact, thir mechanirm generater very intenas high-frequency 
EM fieldr and becomer increaringly important a8 the buret altitude 
i r  increared, 

EMP lnhraction with System 

The EMP interaction with ryrtemr i r  rtngular among nuclear 
weaponr effectr in t h ~ t  the interaction i~ often with the configuration 
of the entire ryrtem and not necerrarily with any rubryrtem by itrelf. 



The complete system f ~ r m s  an antenna which responds aa a whole to 
the EMP. Damage may occur at the gage, in the cable, or  at  the 
recording site. 

GAGES. The major problem results from transducer inductance 
coils being short circuited. Damage has not been significant with 
balanced-reluctance gages. The most serious trouble has been 
permanent grounding of one circuit by flashover, causidg distur- 
bances on other traces. 

The record for resistance-wire strain gages is much poorer, 
and reports show losses up to 100 percent. 

Gagee using inductive sensors generally flash over at  about 
1,500 volts, usually a t  the glass feed-through insulators in the gage 
case. Paper-base strain gages mountei on metal flash over a t  
about 509 volts, through the paper base, with accompanying des- 
truction of the gage. Bakelite-based gages flash over a t  1,500 and 
2,500 volts, and then only a t  the edge where the lead wires protrude, 
without destroying the gage. If the lead wires a r e  positioned s o  that 
they extend vertically well inside the edge and a r e  surrounded by a 
spot of insulating cement, they will withstand 5,000 volts, and final 
failure ir a t  7,000 to 10,000 volts. These bakelite-based gages 
appear to  be satirfactorily rugged, but the effects of unbalanced 
currents resulting from flarhover a t  a terminal cannot be ignored. 
The windings of a variable-reluctance transducer will survive a 
rhort current pulre of several watt-seconds, while a strain gage 
winding is dertroyed by a rhort pulre of 0.1 to 0.2 watt-seconds, 
even though it will disripate reveral watts continuourly. The damage 
due to flashover a t  a terminal o r  elsewhere can be much greater, 
therefore, for a r t ra in gage. 

INDUCTION OF CURRENTS INTO CABLES. The influence of the 
electric aad magnetic fieldm near the rurface of the ground on 
electrical colductorm dependr on the configuration of the conductor. 
The mrnner in which the conductor i r  coupled to the electric field 
ir affected by the prsrence o r  abrence of inrulation, the type of 
inrulation, and the qmlity of contact between the conductor and the 4 

roil. The effectivenear of rhielded cabler dependr on there frctorr 
and the manner in which the rhield i r  termiaated. In addition, the 
implicationm of r signal induced on a conductor a r e  largely deter- 
mined by the rsnmitivity of the ryrtem rsrved by the conductor. 
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Thus, for example, a given pulve may cause eerious malfunction if 
it i s  induced in a circuit designed for low-level signals, whereas the 
same pulse induced in a power circuit would be of no consequence. 

Two theoretical models have been used to calculate the current 
i~lduced in a conductor located in or near the ground by an electric 
field directed along the conductor. The first, called the wave 
impedance model, i s  applicable to groups of conductors that a r e  
so closely spaced that mutual coupling effects a r e  significant. This 
wave impedance model was developed to study the currents flowing 
in the radial conductors of antenna ground systems. The wave 
impedance model considers the intrinsic impedance of the soil 
shunted by the wave impedance of the grid of conductors. The 
total current induced in the grid-soil complex by an electromagnetic 
\ ave propagating into the soil i s  divided by the soil impedance and 
the impedance of the grid of conductors. The wave impedance of the 
&rid of conductors ie determined by the conductor size and spacing. 
The wave impedance theory i s  applicable to conductors that a r e  
spaced less  than two or three skin depths (in the soil) apart and a r e  
tightly coupled to the soil. 

The recond theoretical model, called the transmirsion line 
model, ir applicable to conductors that a r e  sufficiently far from 
neighboring conductorr so that the electric field strength in the 
vicinity of the conductor of interest i r  not appreciably affected. 
In thir model, the conductor i s  virualized as a coaxial transmirsion 
line, the ground serving a s  the return conductor. The line will 
have an  impedance per unit length and an  admittance per unit length 
that a r e  determined from the electrical propertier of the conductor, 
it8 inrulation, and the roil. From these properties a propagation 
factor and a characterirtic impedance can be determined. When a 
radial electric field i r  ertablirhed in the ground, the field may be 
virualised a8 a dirtributed generatar driving the line alona i t r  entire 
length. 

The tranrmirrion line theory and the wave impedance theory pro- 
vide methodr of computing the current induced in either inrulated o r  
bare conductorr. The problem of practical concern, however, i r  
that of computing the current induced in the core wirer of rhielded 
o r  rheathad cablea, Unforturutely, no detailed arulyrir  of She 
coupi iq  of the EMP-generated r u r ~ e  current8 into the inner con- 
ductorr of a cable i r  prerently available, 



INSULATED CONDUCTORS. Insulated c d o r t s r r  a r e  defined 
here to be inoulated wires a d  a b l e r  on or  below the rurface, 
and either insulated or bare wirer above the rurface. There 
conductorr all have in common the characteristicr that (1) the 
coupling between the conductor and the electric field in the 
ground is through the capacitance of the insulation, and (2) the 
attenuation of signals propagating along the conductor is  rela- 
tively low. The capacitive coupling of the electric field to insu- 
lated conductors means that these conductors a re  affected most 
strongly by the high frequency (early time) components of the 
electric field in the ground. At very high frequencies, where 
the insulation reactance is  negligible, the insulated wire behaves 
as a bare wire. 

The propagation factor for the insulated conductor is very 
nearly equal to the propagation factor for the insulating material. 
Since the insulating material is in many cases almost lossless, 
currents induced in the conductor in high field regions can 
propagate great distances along the line with little attenuation. 
Furthermore, if the conductor is  not terminated in ita charac- 
teristic impedance, the induced aignal will be reflected from 
the termination8 and will travel back and forth along the conduc- 
tor until i t  is dizsipated in line and termination loss. Thus, 
under rome conditionr, a @re of electric field will induce a 
train of pulres in the insulated conductor. 

BARE CONDUCTC3S. Bare conductors on or below the 
rurface a r e  generaliy ihairactericed by tight coupling to the 
soil and high attemutiou of rigarrls propagatiq along the con- 
ductor. Since the conductor i r  in contact with the roil in which 
the electric field i r  ertablirhed, the coupling L direct and 
st; ong at  al l  frequencies. However, rince ti:e propagation 
factor for the bare conductor ir almort equal to the prop.0.- 
tion factor for the rail, current8 induced on the conductor a r e  
attenuated very rapidly am they prcpagate down the conductor. 
In general, the current8 induced on bare corrductorr in coatact 
with the roil a r e  determmed by local field. in the roil, rlace 
the current8 Wuced more than a rMn depth or  r o  away do not 
appreciably affect the rnagnihrde of the current a t  a particular 
point of interert. Likawira, reflection8 a r e  d coacern only 
within a r k h  depth or  00  d the t a r m b t l o a  of h e  conductor, 
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since the reflected current ie attenuated to an insignificant 
value within a short distance of the end. 

SHIELDED CONDUCTORS. The shield on shielded cables 
behaves in the same way as a conductor of the same confi- 
guration and relation to the soil; i. e., the in~ulated shield 
behaves as  an insulated conductor, and the bare shield behaves 
as  a bare conductor. The current induced in the core con- 
ductors is a result of the field that penetrates the shield. The 
core wires themselves a r e  capacitively coupled to the fields 
penetrating the shield, however, and currents induced on 
these wires behave in a similar manner to those induced in 
the insulated conductors described above. Thus the currents 
in the core wires propagate for  great distances without sig- 
nificant attenuation, and these currents may be reflected back 
and forth from the terminations several times before the cur- 
rent is dissipated in line loss or  termination lose. One con- 
sequence of this characteristic of the shielded cable is that the 
current induced in the core wires, in the region where the 
field penetrating the shield is strongest, is propagated on the 
core wires to points quite remote from the high field region. 
Such currents are, of course, much smaller in the shielded 
case than they would be i f  no shield were present. 

Two types of shielded cables a r e  of special interert because 
of their wide use. These a r e  the coaxial cabler, such a r  R F  
transmission liner and shielded single conductors, and the 
larger, multiple-conductor shielded cabler in which individual 
channels a r e  carried on balanced, twisted pairs of conductors. 

The c08wi.l cabler a r e  inherently unbalanced in both their 
tranrmierion line propertier and their coupling propertier. 
The current induced in the outer conductor ir much greater 
than the current induced in the inner conductor, mince the 
outer conductor act8 a r  a shield for the inner coaductor. The 
conrequencer of thie unbalanced coupling to the c-1 con- 
ductorr depend te  a great extent on the way the c i rw t  ir ter- 
minated. If the outer conductor ie termimted oa a caaductiqj 
hour iq that completely tnclor e r  the t e r m k l  equipnwnt 
serviced by coaxial line, the large current in the autar con- 
ductor enter8 the ryrtem directly only to the extent that it 



penetrates the conducting housing, and the only signal secir by 
the terminal equipment is that induced in the center conductor 
and propagated along the interior of the line. If, however, 
the coaxial pair is used to service unshielded terminal equip- 
ment, ro  that the large signal propagating on the outer con- 
ductor can combine with the signal propagating along the 
interior, the relatively large undesired signals propagating 
on the outside of the outer conductor can enter the terminal 
equipment. This latter method of terminating the coaxial line 
compromises one of the principal advantages of the coaxial 
geometry and should be avoided if pose ible. 

The above remarks on coaxial conductors a r e  also applic- 
able to certain characteristics of multiconductor shielded 
cables, particularly when the shield is insulated. It is con- 
ceivable, for example, that improper termination of the shield 
of a cable which has an insulated shield could completely 
negate th? effect of the shield by allowing the currnnt induced 
in the rhield to propagate along the outride of the shield into 
the terminal equipment. The shield termination at the point 
of entry into the terminal equipment should be a completely 
encloeing connection tar oppored to a pigtail or  ground rtrap) 
to the shield of the terminrl equipment. On buried cables 
with bare shieldr, the current induced in the rhield does not 
propgate w e r  large distancer, so  that the problem i8 les. 
severe on these cables. In doubly shielded cables in which 
the inner shield ir inrulated from the outer rhield, current 
induced in the inner shield will propagate in the same manner 
a s  on crbler with insulated rhieldr. In the doubly rhitlded 
cables, current induced in the inner shield will be much 
r m l l e r ,  but if full advanbge ir to be taken of the double 
rhield, the &mar rhield muet be jurt a0 carefully terminated 
a r  i r  the orrter rhield. 

The curteak induced in the bdaaced, m a t e d  pair8 in 
rhielded cablee are, tn principle, conunnn mode currenu 
that are exactly e q d  in ercb conductor of the H r t e d  pair. 
If the t e r m i d  eqmipmeat i r  alro balmced .ad has adequate 
common mode rejecttea, ?here curreatr a r e  of no coartqueace. 



It is important to note that a balanced tern~ination for thr twisted 
pair implies that both ronduc tors, each viewed a s  a transrnirrron 
line, arc? terminated in the same irnpeda~lce. If the individual 
conductors of the pair a r e  terminated in different impedances, 
the reflected currents will not be ccmmon mode currents, and 
part of the incident current will affect the terminal equipment. 
Stray capacitance at the termination can be particularly trouble- 
some in that it can cause an unbalance which is most severe 
for the high frequency (fast rise time) components of the signal. 

CABLE TERMINATIONS. The most common method of terminating 
both the bare cable and the insulated cable i s  to attach the outer shield 
directly to a large buried metallic structure, such a s  a buried shielded 
room. When the transverse dimensions of the metallic structure a r e  
comparable to a skin depth in the ground, then the termination impe- 
dance i s  much less than the impedance of the cable and acts  like a 
short circuit. This means that signals a r e  reflected without loss in 
energy and the current at  the termination can be a s  much a s  twice 
the cable current far from the termination. 

Another common termination i s  made with a grounding rod driven 
vertically into the  ground and attached to the outer conductor of the 
cable. Rod8 commonly used for thir purpose a r e  1 to 2 meters  long 
and 1 to 2 centimeterr in diameter. 

A theoretical rtudy has been performed on the impedance of varioua 
grounding arrangements. Tho rhort length of the rod h r u r e r  that 
i t r  inductive effect8 a r e  rmall. For an inrulated cable in extremely 
high conductivity roil, the rerirtance of the rod i s  an order of mag- 
nitude l e r r  than the cable impedance. However, for average o r  low 
conductivity roil, thir grounding arrangement doer not reduce the 
termination impedrncs appreciably below the cable impedance. In 
particuhr for  bare wirer, the wire itrelf may be o much better 
grounding arrangement than the vertical grouadiw r-d. 

RECORDING SYSTEMS. Wherear in the care  of long cable ryrtemr, 
the EMP coupling war princip.lly through the electric field, the EMP 
coupling into cornpnct rctotdiryl ryr t tmr  i r  principally a magnetic 
field Interaction. Time-varying magnetic fieldr Induce circulating 
currents in conducting loopr found in compact ryrtemr. Ar6ociated 
with ? h o e  circulating current. a r e  voltagar determined by a 



characterirtrc impedance of the loops. There voltaae differences 
appear to ryrternr ar  r i p a l r  and may caure revere dirruption in 
ry rtem op8ra:ion. 

Magnetic corer, tapes, and tape heads have been found relatively 
inrenritive to pulred magnetic fieldr. In experiments, typical 
relectionr of theme componentr have withstood pulred fieldr of over 
10 gaurr with no detrimental effect to either the component or the 
rystem. Thin-film memory devices, however, a r e  expected to be 
more senritive to transient magnetic fields. 

The importance of the E M P  interaction with a recording syrtem 
is determined by ( 1) the magnitude of the induced signal; (2) the 
normal oignal levels in the system; and (3) the filtering and noise 
rejection properties of the system. Methods for minimizing the 
EMP interaction with recording systems a re  discussed below. 

EMP Protection 

The preceding paragraphs have rhown that the nuclear EMP pene- 
trates into a rystem principally in two ways. Firrt, the E M P  fieldr 
can penetrate through shields into the recording portion of a syrtem 
and induce rpuriour, disrupting signals. Second, the EMP can induce 
current surger on the cabler which tie a system to the measurement 
environment, There rpuriour rigmlr can reriourly impair the 
operation of the ryrtcm. 

In thir rection, metbods of reducing the field penetrat i~n into a 
myrtem and rurge induction into cabler a re  dercribed. Techniquer 
to minimiae the EMP effects on the alectronicr of the ryrtem, once 
the ryrtem h r  been penetrated by the EMP, a re  alro dircurred. 
Fimlly, a sumrmiry i s  given of many method, employed in the past 
to increase the EMP "brdnerr" of ryrtemr. 

REDUCTION OF EMP FREE FIELD PENETRATION INTO 
SYSTEMS. In blart-hardened ryrtemr, which murt be located aaar 
the detonation. circuitry and inrtrumentation ara  urually enclorad 
&tithin rebtivrly small volumer. Often the earieot method of pm- 
tecting them from the direct effectr of the EMP field. io to rhiald 
the erbire vdume whets the inrtrumenution i r  located. tocaliaed 
rhielding around separate renritive unit8 might in special caars  be 
a more economical tectdque t h a  madmum oeaoitivity ohielding 
lor tha whole volume; however, the primary interaction of EMP with 
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the system usually is  through interconnecting wiring and not through 
effects on components or  small subsystems. 

If analyses indicate a high degree of EMP susceptibility, i t  may 
be possible to reduce the problem by redesigning certain circuits 
anC introducing more durable components. For instance, vacuum 
tube circuits (depending on the type of tube and how i t  is being used) 
can withstand hundreds of volts in short surges without damage, while 
50 to 500 volts o r  less  i s  sufficient to permanently damage many 
tra.nsistors. On the other hand, transistor circuits a r e  far more 
compact than tube circuits and therefore a r e  more economical to  
shield. Tradeoffs between increased shielding and subsystem rede- 
sign with consideration of the operational functions of the individual 
circuits and components may make it possible to design a less  vul- 
nerable system with no loss in capability. 

PROTECTION AGAINST CURRENT SURGES. It i s  necessary t o  
protect cables and associated equipment from nuclear electromag- 
netic pulse-induced current surges to preserve their measuring 
capabilities. In general, methods used for protection against lightning 
surge effects afford a good guide for EMP protection. A significant 
reduction in vulnerability i s  obtained by reducing to a minimum the 
number of conduction paths entering the system. All conducting pipes 
and conduits entering both recording and instrument facilities should 
be grounded at  two points: to the main outside ground point and to 
the point where pipes or conduits enter the shelter. These simple 
precautions i n  design will keep to  a minimum the number of external 
conducting paths which can car ry  high-surge currents and fields to  
the system instrumentation. 

In the preliminary shelter design, all  nearly closed conducting 
paths formed by water pipes, rebar, steel I beams, etc. (but not by 
signal, power, c r  ground cables), rhould be completely closed. This 
provides added system shielding and prevents possible arc-over (with 
subsequent R F  noise harmful to many eyrteme). 

A loop of heavy conductor called a guard ring may be ured to 
increase the L/R time of a loop system to a value which ir  large 
compared with the EMP field duration time. A large part of the 
energy stored in the guard ring may be put back into the magnetic 
field after the EMP tranrient ha8 pareed. 
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For protecting cable runs external to shielded instrumentation 
centers, a continuoun metal conduit su r  rounding the cable prov!des 
maximum shielding. Continuous steel conduits, 114- to 3/8-inch 
thick, reduce the high electromagnetic fields and the induced cable 
currents to a level a t  which typical circuits would not be disrupted. 
Moreover, supplementary low power protection devices could easily 
control any reridual currents. 

A significant amount of induced current protection can also be 
provided by the cable sheath. The cable sheath ie normally a conduit 
of aluminum, lead, o r  steel, about 50 to 100 mils thick, built into 
the cable for the purpose of preventing structural damage to the inner 
wires. To maximize the shielding effect, insulation of the caLlt: 
sheath should be avoided, o r  a t  least the sheath should be grounded 
a s  often a s  possible, since insulation prevents rapid spatial and 
temporal decrease of the induced currents. Insulation over the 
sheath dlso produces higher core-to-sheath voltages and increases 
the opportunity for high-voltage inrulation puncture. If insulation 
i s  necessary, an  ineulation shocld 'ro used which i s  lossy and which 
will not char and become conductive when punctured by high voltage. 

A third technique of cable prctection from EMP-induced currents 
i s  the use of guard wirer. A guard wire i s  a low-impedance wire 
(such a s  a low-gauge copper wire, AWG 1/0, o r  a larger  diameter 
wire), placed a few incher w e r  the cable to be ~ro tec ted .  For b u r i d  
cables protected by overhead guard wires, the currents induced in 
the guard wares create magnetic and tric fields which oppobe the 
incident fieldr. The cable and ~ u a r d  wirar share the induced current 
approximately am the invczse ratio cf thei* impedances. However, to 
take advantage of this hielding effect, tire cable must be within a 
few incher of the g l a r d  wire (or  additioml pSa rd  wires on the sides 
a r e  necerrary) to prevent the fields from circumventing the rhielding 
effect8 of the top wire. The guard wire6 should a l ro  be bare, r o  
that the electric field ir eifectively shorted. 

An impel 'ant ,)oirA to conrrder when derigning o r  specifying 
conduitr, guard wirer, -nd cable rheath armor i r  the maintenance 
of electrical continuity throughout the length of there devicer. Dir- 
coatinuitiaa cauae tho induced current to  prrduce high voltagar, which 
m y  caure insulation breakdown. Multiple guard wirer provide rome 
inrurancs against tN8, particularly if they a r e  connected together a t  
i ~ t e r v a l r .  Guard wire protection i r  erpecirlly important a t  the t e r -  
mination of the cable rheathr and conduitr. To  prevent arcing over 
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to the inner conductors, place pratectioir devices a t  the terminations, 
ground the shield to the chamber which the protected cable enters, 
and/or connect the ends of all conduits, sheaths, and guard wires 
with low-impedance grounded metal sheets outside the installation. 
The conduits and guard wires protect in two ways: they offer a path 
other than the signal and ground lines to the earth currents, and they 
car ry  thcee currents away from the internal instrumentation con- 
nected to  these signal s d  power lines. Consideration of both of 
these points i s  e ~ s e n t i a l  in providing adequate system protection. 

The f i rs t  step in reducing voltage from several thousand volts 
down to the order of a hundred volts may be handled by lightning 
a r r e s t e r s  such a s  the carbon block and the gas diode. The carbon 
block device i s  essentially a spark gap with two blocks of carbon a.e 
the electrodes. These devicee can fire on signals as   lo*^ as  40r) to 
500 volts; however, below this level the gap becomes too small and 
leads to the possibility of a short circuit. The principal advantages 
of a carbon block ar res te r  a r e  i ts  fast response time, i. e., less  
than 1 microsecond, and relatively low cost. 

Gas diodes a r e  spark gaps within a closed container filled with 
some inert gas a t  a fixed pressure. This spark gap may be set to 
spark a s  low a s  70 to 80 volts. Unfortunately, gas diodes a r e  more 
expensive and larger  than the carbon blocku, a fact which nray limit 
their applicability for complete system protection. Furthermore, i f  
the tube leaks, the spark-over voltage may increase by an order uf 
magnitude. The greatest disadvantage of the gas diode i s  i ts  slow 
response time. For a moderate-to-fa~t rising surge current, the 
gap m a y  hold off voltages 4 to 5 times its d-c arc-over voltage. 
However, a new type of gas diode emp!oying a pre-ionized gas may 
eliminate these disadvantager. The main advantage of the g;r diode 
over the carbon block i r  the elimination of any porribility of short 
circuits from reridue buildup. To uoc irrretiters a s  ;urrent  urge 
litniterr, attach them to a ground in conjunction with a heavy-duty 
inductance in the line. Thir producer the high voltage8 necerrary 
to rhort out the abnormally high curreate in the :mum everr if the 
line itrelf har too low an  impedance to generate ruf?iicier4t volta6;e. 

When set  up in proper rtaging, voltage and current limitnrr have 
proven to  be protection againrt ligntning-induced rurger and, when 
,elected to  give rufficicntly faat rerponre and r*covery time, ~hat t ld  
1180 protect against an EMP-induced rurge. 
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RECORDER P R  3TECTION. To raise the susceptibility level of 
a system, the followtng requirements should be incorporated into the 
design and installation of the system. 

1. Insure that the b74ring between gage and recorder conforms 
to a "tree" o r  radial ,viring scheme a s  shown in Figure 5. 
Using such a scheme, the rystem susceptibility level can be 
greatly impx-oved. To be effective, tho tree system must 
include all  signal, power, <nd ground cables and b v e  a single 
ground point. * If two or  more syrtems a re  involved, they 
must be either electrically isolated at all points other than at 
thin single ground point or combhed in a single tree 
configuration. 

2. Resistance checke should be performed bush during the 
initial equipment installation phase ana during any system or  
equipment modification phases to insurt that there a r e  no 
violation8 of the tree wiring scheme. Violations of the tree 
configuration can occur by introduction of loops formed by: 

Signal cables 

Chassis-to-charsir grounding 

A-c power conduits 

A-c safety (3rd wire) grounds 

Equipment-to-floor o r  equipment-to-wall contact 

Signal groundr 

Telephone rprtern groundr 

Building construction grounds 

Accidental contact of groundiq elements, 

EMP hhc t ion  $umnary 

In moat carer, inrtrurnentatioa rurga tolerance rather than cable 
tolsrrace will be the determidug factor in rpecifying ryotrm pro- 
tection. Vaco\un tube c i r cd t r  can probably rurvive the 500 w l t r  
remaining after carbon-block ar rer ter r  fire, However, over 50 volt. 

It ahodd be naod tbat rome invertigatorr prefer to  "floattt the 
entire ryrtem, i. o., have no ground at all. 
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will permanently damage many transistors and semiconductor diodes. 
and signal/noire levels of 0.6 volt can caure data degradation. These 
low tolerance levels require the uee of Zernes diodes or other low 
power protection devices in the circuitry. 

The following i s  a partial list of recommended construction prac- 
tices which have proven effective in reducing problems of E M P  
interference and/or damage of instrumentation on nuclear tests. 

1. Isolate power by either using internal motor-generator 
sources o r  putting lightning a r re r t e r r  on lines. 

2. Put wires in boxed, grounded conduits. 

3. Use a grourded screen over shelter air-conditioning outlets 
and ground all ducts. 

4. In hardened shelters and instrument locations, ground the 
rebar (steel reinforcing bars in reinforced concrete), especially 
i f  i t  is  tack welded. 

5. Ure largest available lightning arresters  on power station 
transformers. 

6. Put rpark gaps on telephone liner from the recording 
shelter. 

7. Ground cable outer rhieldr and make them continuous; 
rplicerr often .do not solder the rhielding. 

8. Xnrure that signal cable rhieldr a re  well grounded at their 
point of entry to  the shelter. Large tranrients inside ecreened 
roornm have been traced to poorly -grounded coax shields . 
9. Bury cables a6 deeply as  i r  economically feasible (3 3 feet) 
to reduce current rurger. 

10. Tie water pipeo and &her entrier into the ground~ng rystem. 

1 .  Equipany antennas and input leads which cannot be directly 
grounded with liahtning arrarterr .  

12. Adopt protection procedure# to fit xaqdrementr of pmrti- 
c a r  .rear. Shield only the critical arear. 

13. When a lead i r  tied into a coaxial cable, do not interrapt 
the rhielding provided by the outor conductor. A #rounded 
coppsr p k t e  mech.nically crimpad to the cable rhield ham been 
w e d  effectivsly. 
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14. Ground all seemingly nonessential equipment, such as 
elevator hoist cables. 

15. Because natural grounds a r e  often unsatisfactory, ure a 
counterpoise at each site. Note that counterpoise requirements 
will vary with geographic location, since earth conductivity 
varier greatly from place to place. 

16. Inrure that the entire conduit system is  well grounded. 

17. Avoid use of nonconducting lubricants when putting conduit 
piper together. 

18. Insure that electrical contact exists between conduit and 
terminal box. Frequently the conduit i s  pushed againrt the 
box but insulated from it by paint. 

19. Install a grounding strap from terminal box to door of box. 

20. Use lightning protection techniques on all above-ground 
lines. 

21. If power equipment supplies several sites, install lower- 
value fuses at the equipment end rather than the power end of 
a ayrtem. 

22. Ure circuit breakers rather than fusee, since breakers 
can be set more closely and reeet more quickly. Check fuses 
periodically for deterioration. 

23. Do not ure slow-blow or delay furer or  breakers. 

24. Demign breaker8 (where fearible) to take no more than the 
largert expected load. 

25. Put ringle-phee protection on each phare of three-phase 
power ryrtemr. 

26. Ure parrive L.C. radio interference filter6 on rigml, , 

control, telephone, and power liner. 

27. The EMP fieldr in the cornerr of a rhielded rtructure a r e  
ururlly higher than in other part8 of the rtructure, r o  that 
carner arear  rhould be avoided or  ured with caution. 

20. Inrure that the intraryrtem wiring conform8 to a tree or  
radial wiring rcheme. Include all cabler, power, rignal, and 
ground, in thie rcheme. 
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AIRBLAST MEASURING SYSTEMS 

The prer rure  range of cur2ent primary in te r t r t  in airblart  mear- 
urementr extends from fractions of a psi to over 10,000 psi. Envi- 
ronmental conditions range from ambient (which, under rome field 
conditions a r e  quite severe) to those encountered well within the 
nuclear fireball (see Appendix B). 

Gager for use in field tests have incorporated reluctance elements, 
strain elements (ba~d-d, unbonded, and solid state), resistive and 
piezoelectric transducers. The earliest gages and recording systems 
were not required to withstand deleterious environmental conditions 
rince they measured relatively low overpressures and were thus lo- 
cated a t  rome dietonce from the detonation. Since the data recording 
bandwidth war about dc to 500 Hz, there early ryrtemr were not ruit- 
able for  accurate mearurement of high-frequency phenomena. This 
war a particular problem for rhort-duration rhock waver. The pre- 
rent higher-frequency rerponse systemr, with better recorderr and 
far ter  gage r ise  time, follow more clorely the forcing function, and 
provide better fidelity of the data acquired. 

In atmorp5eric nuclear terts,  the variable-reluctance-type ele- 
manta have proved to be the most ruccerrful for obtaining meaning- 
ful data; however, the technique8 of production and uee of other ran- 
ro r r  have progrerred to the point where they will increare in ureful- 
near. 

& the following paragraphr, variour gage8 in current ure  a r e  de- 
rcribed. h there dereriptionr, i n r t r u m ~ t r  ured to merrure  r h g -  
nation and incident prer rure  are i i r t d  f i r r t ,  followed by a dircurrion 
of gage mounting, then the .methodr and inrtrumentt ured to merrure  
dynamic prerrure. Within thir framework the wriour  gagor a r e  
grouped by principle of ranring element . ad  are prorented in the 
rame order ar the dircurrion of rensinp element8 in Section 2. 
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OVERPRESSURE AND f IME HISTORIES 

Electromechani cal Gages 

The Wiancko 3-PAD* is, in terms of years  of continuous use, one 
of the oldert nuclear- blart prersure-measuring inrtruments. The 3- 
PAD i r  a variable differential inductance gage. The sensing mech- 
anism, a bourdon tube flattened and twisted about i ts long axis, i s  
contained in a heavy brass  canister to minimize the effects of ehort- 
term temperature changer. One end of the tube i s  open to the atmos- 
phere and rigidly held to the gage frame, while the other end i s  closed 
and attached to an armature held in close proximity to an E-shaped 
coil. Overpressure tends to untwist the bourdon tube; this rotation 
changes the a i r  gaps in the electromagnetic circuit, thereby changing 
the circuit inductance. Thc inductance change can Lie used to modu- 
late a car r ie r  voltage to produce a signal a s  a function of pressure. 

The Wiancko has a high output, i s  very rugged, and has been proven 
under field conditions, It i s  relatively insensitive to accelerationr 
and ambient temperature change. The low impedance reluctance 
bridge allowr the signal to be fed to the recorderr on long pairn of 
wire, and doer not require coaxial cable. The urual field practice 
h r  been to record the output rignal on Conrolidated Electrodynamics 
Corporation Syrtem-D equipment. The gage can be used to mearure 
prer rurcs  a s  high as  10,000 psi; however, it8 rerponre time of rev- 
era1 hundred microseconds i s  too slow for rhort-duration, high- 
pressure mearurements. The gage exhibits a limited frequency rc- 
rpoare and proximity to magnetic objects o r  fieldr caurer errat ic  
performance. It i r  rather insenritive to E M  pulre and radiation. 

Stanford Rerearch Inrtitute reported (Reference 7) rerultr  of terto 
of acceleration rearitivity of the Wimcko. Acceleration forcer a r e  
geaerally arrumed to act oa both a r m r  of the rocking-armature rimi- 
h r l y  with respect to botb coilo and thus maintain balanced conditimr. 
However, a change in the ralativo geometry betwean the forcs .ad 
tho 4.10 w i l l  oerioualy affect i t r  rerpoare. Figure 6 rhowo typical 
rorulta from 30-poi gagor tsoted on a o p h  table with radial accrle- 
rationo to 90 8. There war found to be a considerable variatiaa be- 
two- gage0 af the oama prerrura range. Xigher range gaga0 (100 

*Reference to commercial productr in this report doer not imply 
approval o r  criticiom by the DASA krformation and Analyrir Center 
OF the United !%too Government. 
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to 300 psi) showed smaller e r ro r s  while the 1 0 - ~ s i  gages have rlightl-j 
larger errors .  

The Ultrad-fne Engineering Laboratory of Albuquerque, New Mexico, 
makes a gage similar in principle to the Wiancko but differing in con- 
struction details. It has a reported rise time of 750 rnicrosecrlnds 
(Reference 8). The gage i s  a variable-inductance-type diaphragm 
about 1 inch long and 1 inch in diameter. The disphcement of an 
h v a r  diaphragm flexing under the applied pressure produces changes 
in the inductance of coils situated just behind the diaphragm. A re- 
mote oscillator, incorporating the coil a s  circuit elements, gene- 
rates a signal whose frequency i s  prcportional to the pressuxe. 
StanZord Research Institute used this gage in a nuclear test and ob- 
tained data at levels above 200 psi (Reference 9). 

CCC 

The Ctweolidated Controls Corporation producer an electromechan- 
ical differendal gage, tha PFSQOONA, which also utilires the variable 
reluctance principle. Overpressure is converted to frequency varia- 
tion by use of a clamped plate diaphragm moving in a magnetic field. 
This gage is made to measLre pressurea up to 300 psi. 

The Naval Ordnance Laboratory has ruccessfully uged thin gage 
at pressure levels belov. 15 psi with the gage coupled to either a 
Genisco No. 10-110 o r  Leach No. 800 miniature recorder 4 t h  aa 
Electromechanical Research No. 189 FM Plug- in dircriminator (Ref- 
erence 10). The gage war  onr ride red adequate by NOL-tk accuracy 
and reproducibility were above average. The principal rhortcomingr, 
nos-lherrity m d  r 2-kHz limit to high-frcqusncy respaare, are 
b.lraced by the inrtrument'r ease of ure-direct  FM output m d  valid 
rtaHc caUbratim. 

Twc problsma were noted in fiaM ure. Firrt, the gags occarionrlly 
exhibitad dacreare In m.e#\ritivity, probably caured by rnechnier l  
chngea  ia the dhphrrgm-coil  relatimahip due to atmoapharte cor- 
r e r i m  (the fieid urc war near ralt water). Sacondly, care war re- 
quited in intsrpr.rrting the output record*. &ca the a w e  rns rm~re r  
a p r s r  sure dtffetance &crorr  r diophrxgm batwcm two chmberm, 
cunditioni of blast loadin# may dsform or &8phcs the diaphrrgtn and 
thus ccrura apptvciubfe deviation# of the pr r r ru re  Pa the rdsrrncs 
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chamber. These deviatio i . become significant, g rea te r  than +1 per- 
cent for side-on pressures  below 5.0 psi. This deviation must be 
accounted for  during data reduction by correction factors based on 
overpressure. 

F hotocon 

The Photocon Research Products Corporation manufacturers the 
Model 352 Dynagage System which has been used in a nuclear environ- 
ment to obtain surface level pressure  and t ime history data a t  about 
1500 psi, but a gage a t  500 psi failed-presumably because of radiation 
effects (Reference 11). The sensor operates on the variable capaci- 
tance principle utilizing a doable diaphragm. The outer diaphragm 
i s  connected to thz inner senc :ng diaphragm by a central  stud so  
that high thermal temper3tures do not a r r i v e  a t  the sensing element 
in time to affect the measurement. Gage ranges a r e  available to 
about 90,000 psi. In the nuclear field test  further protection waa 
provided by a pe: f~:a ted metal blast shield which prevented direct  
radiation f rom rcacliing the outer rliaph;-agm, The gage had a high 
natural f r e q u e n q ,  60,000 Hz, anu was used with a tuned system 
operating a t  a c a r r i e r  frt-~uency cf about 1 MHz, but the company 
ra tes  the system output a s  flat to 10 kHz only. Stanford Research 
Institute recommended that, in view of the success of this gage in the 
field (at leas t  to 1500 psi), i t  be used as a primary instrument for  
obtaining high-pressure data f rom nuclear teats. 

Iicrman Nuclear 

The gages listed thus f a r  have been standard pressure-measuring 
devices that were adapted to measuring nuclear blast  waves. The 
Kaman Nuclear Corporation radiation- hardened blast  pressure  trans- 
ducers, a l m g  with the accessory K-5000 oscillator-demodulator, 
were specifically dcsigned to r  preeeure measurements in high- 
radiation level nuclear burste. The Kavan  gage has been tested in 
very aevere simulated environmen's (References 12 and 13) and har  
been found t . be relatively insensitive to the effects of radiation, 
acceleration and temperature. Teats have included: 

Total dose 

Integrated flux 
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2. Gamma 

Dose rate 

Integrated dose 

3. EMP 

Electric field strength 
5 1 X 10 volte/meter 

Magnetic field strength a t  
pulse frequencies near 30 kHz 

4 
1 X 10 ampere-turn8 /meter 

4. Temperature 

Ambient -65 to +300°F 

Transient 4000°F for 200 milli- 
seconds 

5. Shock and Vibration 

Shock 700 g for 2 milliseconds 

Vibration 50 g (rrns) for 20 to 5000 Hz 

The Kanlan traneducer, shown in Figure 7, utiliaes the effect of 
eddy current loor in a metal diaphragm on the impedance of a nearby 
small air-core inductor. The flat, stiff metal dicrphragm, moving 
in  an a i r  gap between two stationary a i r  Cora coils, i s  the only moving 
part of the gage. There a r e  no magnetic components. Two a i r  
core cclls and diaphragms a r e  contained in a stainless steel housing. 
The two coilo a r e  connected as two a rms  of a Wheatatone bridge; ylhich 
ie  completed by two resistive a r m s  contained in the oscillator- 
demodulator. The active coil i s  in such close proximity to the non- 
magnetic prerrure r a r i n g  tiiaphragm that e m d l  deflectiosrr of the 
diaphragm rerult  in rufficient eddy currant lor8 to rignificurtly change 
it. impedance. When the coilo a r e  properly ph red ,  electrical pickup 
o r  radiation-induced noire reared rirnultmeourly by both coilr ir can- 
celled out ia tho electrical bridge circuit, of which the traarducer 
formr a part, aad thur reducer o r  elimkrater the rearitivity to high- 
flux nuclear radiation dfectr .  

All organic materialr  b v e  been eliminated from the coil aorembly. 
The coUm are wamd on ceramic coil formr made d 99-percent alumi- 
num oxide with ccrarnic tnrulated magnet wire. The coil and coil 
formr a r e  e:ubedded in the gage ca re  with a rpecial, boron-free e n c a p  
ruhnt.  The r tmdard trrerducer ir  build with both 8a active and 8x1 

inactive coil-diaphragm rrrembly mounted in the same houring (or 
with miainul reparation). 



1. PRESSURE PORTS 
2. ACTlVE COlL 
3. DIAPHRAGM 
4. DUMMY COlL 
5. OUTPUT CABLE 
6. WMMY DIAPHRAGM 

Figure 7. Kaman K- 1205 radiation hardened pressure gage. 

The bridge is driven by a 1-MHz car r ie r  a t  5 volts rms. The pres- 
sure to be measured is admitted to the diaphragm through a main 
inlet port. The overpressure causes a deflection of the diaphragm 
which unbalances the bridge. The 1-MHz bridge output i a  rectified 
through a ring demodulator, amplified, and filtered to produce a G 
volt full- scale dc output, proportional to the applied pressure, with 
a frequency rerponse from dc to 10 Ws. Since small deflections of 
the diaphragm may be resolved, i t  can be unuw~ally stiff with a nat- 
ural frequency that is high when compared with the 10-kHz data out- 
put response. No mechanical damping is attempted; electrical fil- 
tering of the amplifier output reducer any ringiag rignal from the 
diaphragm. The output of the demodulator i r  fed directly to a voltage- 
controlled orcillator and amplifier and thence to a magnetic tape 
recorder. The cable length between the gage and the demodulator 
murt be lorn than 50 feet. F o r  greater diaturcer, only certain cable 
longtila can be ured without 3atroduciqO cable effect8 becauae the 
cable murt be cut and tuned to rpecific wave length#. 

*A recent development ir ma inrtrumeut-cable matchbag device which 
permit8 the ure  of long cabler. 
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thermal transients, and the two passive arme of the bridg'e circuit 
a r e  used for temperature compensation which further reduces ther- 
mal effects. 

BRL has conducted a number of te8ts on the Dynisco gage (Ref- 
, erence 15). They performed a limited test  on the reeponee of both 

the Norwood and Dynisco gages to thermal transients on a special 
thermal puleing device that exposed the gage diaphragms to a 1550°F 
propane torch flame for about 90 milliseconds. These test  conditions 
produced voltages corresponding to about a 3-percent e r ro r  in the 
Norwood and 0.3-percent e r r o r  in the Dynisco. The particular gages 
tested were for different preseure ranges (the Dynisco, 2000 psi, 
the Norwood, 500 psi), but i t  does appear that the Norwood i s  more 
temperature- sensitive. 

In an attempt to reduce the temperature reeponee, BRL tested 
Dynisco transducers fitted with special diaphragms. The normal 
rtainless steel diaphragm was replaced with others of various xa t e r -  
ials intended either to reflect, insulate, or  evenly dietribute the heat. 
Nickel, copper laminated with stainless steel, stainlers steal covered 
with Teflon, and atainlerr eteel coated with flame- sprayed aluminum 
oxide were tested. Only the aluminum oxide significantly reduced 
thermal shock. Fo r  very high prer rure  atudier near the detonation 
point of underground nuclear blartr, BRL protects the diaphragm 
with a baffle conristing of a heat rhield with eight double-angle inlet 
ports and a small cavity between the inlet h o k e  and the diaphragm, 
a r  well ae  the aluminum oxide (Figure 10). 

A model PT  76 terted for  leakage in a vacuum rhowed a creep in 
zero balance (about 0.1 percent after 45 minuter in vacuum). Thir 
unbalance remained after return of the prer rure  to  ambient. I t  i r  
believed that all-welded coastructioa would be required to give a 
better real. 

BRL note, t h t  although the Dynirco i r  well-ruited to laboratory 
urs, a number od electronic difficultier have been sxperimced in HE 
field tertr. Current BRL plane include ure of the Schaevfts-BytreX 
gage for future biglwprerrure field work. Howaver, 8 D p i r c o  Model 
PT 136 w u  ured ruccerrfully to obtain very Mgh air prer rurs  data 
ia a recant underground tert (Referenee 141. 
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Figure 10. BRL high pressure airblast gage using the Dynisco pressure transducer. 

CEC 

Unbonded strain-gage windinge connected in a four-arm bridge 
comprise the eeneing element of a number of Conrolidated Electro- 
dyngmice Corporation variable- resistance type traneducerr . P r e r -  
rure  against the flueh diaphragm produ:er a dirplacement of the 
eanring element, thus changing the reeirtance of the two active a r m r  
and producing an electrical signal proportional to the applied prerrure.  

According to the manufacturer, acceleration and vibration have 
little net effect on the bridge output, a s  they a r e  cancelled by the 
geometry and windtng arrangement of the rtar-rpring-type renring 
element. Compenratioa for the effectr of wide ambient-temperature 
variationr i r  provided by the location of the two inactive a r m r  in clore 
proximity to the active winding@. 

Unbonded wire atrain gager can be produced with excellent re r i r -  
k n c e  to both neutron and gamma radiation; however, they a r e  urually 
r o  r sndt ive  to rhock that thsy a r e  ured a t  p rer rure  Ievrlr where the 
radiation ir no problem. 
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The Statham Instrument Company manufactures a line of deposited 
strain gage pressure transducers. A strain-sensitive film i s  vacuum- 
deposited on a diaphragm and arranged electrically in a conventional, 
balanced four-active-arm Wheatstone bridne. Applied pressure 
causes tension s t ress  in one pair of the a r m s  and compressive s t ress  
in thu opposite arms. The prersure is measured by the resistance 
change in the bridge circuit. 

Theoretically, this gage should have excellent resistance to shock 
and vibration. The all- metal and ceramic construction ehould be 
very radiation-resistant; however, tests of a Model PA 801 exposed 
to the radiation from a nuclear teat (Reference 16) indicated a recor- 
der (Genisco) saturation after zero time. Further analysis of both 
the gage and the data from this test  a r e  required to determine if the 
observed effect was caused by the transducer o r  by the associated 
cables and instrumentation. 

Micro Sydanu 

Piezoresietive elements replace the conventional strain gage ele- 
ments in a four-arm bridge circuit in Micro Systems gager. There 
piexoresistive elements produce an electrical resistance change 
with pressure that is about 15 times that produced by the metallic 
bonded rtrain-gage. 

The elements a r e  bonded to the back of a 114-inch diameter flurh 
diaphragm. Pressure  ranges to 500 psi a r e  available. Shock tube 
tests a t  BRL indicated a base line rhift due to thermal effects after 
about 20 milliseconds, but more recent gages a r e  reported to be 
thermally protected. The solid state element8 used may be a poor 
choice for field measurement8 in a nuclear environment unlerr the 
elements a r e  doped to withatand radiation. The Micro Syrtemr gage 
i r  very rmall  and would be a good choice for model target-rerponre 
r tudier . 

The Schevita-Bytrex Corporation a l ro  manufacturer remiconductor 
#train-gage prerrure gagar with variour prerrure ranger. The rill- 
con element ir mounted in a rt8inlarr rteel care. Overprerrura 
applied through a diaphragm produce8 rtrainr and rerirtance c h a g e r  
in the remiconductor memberr. The r e r u l k r t  current chaage in a 
modified Wheatrtone bridge circuit producer a voltage which varier 
directly with prerrure.  



The Model HGF 2000 i s  used by AFWL for non-nuclear laboratory 
high-pressure work. The gage has a high natural frequency, 100 kHz, 
and a high output, 200 Mv full scale, but low pressure ranges a r e  not 
available in this model-2000 psi i s  the lower pressure limit. 

Either an ac o r  a dc recording system may be used, but high 
bridge impedance will cause cable noise problems. AFWL has experi- 
mented with plate-damping this gage. An ablative coating is applied 
to a thin steel plate placed over the sensing element. This tends to 
increase the general ruggedness of the gage; further work may eventu- 
ally make i t  available for field use. The plate also reduces temper- 
ature sensitivity; however, the natural frequency i s  reduced to 60 to 
75 kHz. 

Although AFWL has reservations about using the HGF 2000 in 
field studies, BRL, a s  noted in the diecussion of the Dynisco gage, 
has used the gage in underground ~ i r b l a s t  studies to obtain very high- 
pressure data (Reference 14). In , BRL version, the diaphragm i s  
protected with a heat shield. Eight nall, double-angle inlet ports 
lead to a small cavity between the sensor diaphragm and the heat 
shield. The shield allows for an even distribution of the initial ther- 
mal pulse, prevents debris from damaging the diaphragm and, to 
some degree, shield8 the gage from EM pulse (Figure 11). 

At present, the HGF 2000 suffers the same limitatione to a nuclear 
environment a s  do al l  the silicon semiconductors. However, Schaevitz- 
Bytrex makes a special silicon element for Sandia that i s  reported 
to be radiation resistant. These elements could probably be adapted 
to the high-pressure gage. 

A model HGF 25 gage was subjected to a nuclear environment 
(Reference 16), and after the test the gage exhibited a shift in sero- 
preercure dc output level; when a c  excitation was applied, no change in 
operating characterirticr war observed, 

NIT ?@ 4 % . h a ,  b 

The Department of Aeronaudca and Actronsuthcr i t  ~ a r r & h u s e t t r  
Inrtitute of Technology har dcrigned a pancake preroure gage, utilia- 
ing (at the prorent time) two Schaevitz-Bytrex HF-100 renriny ele- 
meatr. The gage ir  ured in rocket sled blast rtudier, The 4-inch 
diameter by 112-inch thick probe user the strain-gage elementr on 
opporite facer. The Schaevitt-Bytrax elementr were relected becauue 
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Figure 1 1 . Bytrcuc pressure transducer wed by BRL. 

they had exhibited high degrees of accuracy, stability, and repeata- 
bility in MIT blart work (Reference 17). In field use, the plane of 
the probe ir oriented vertically, with the axir through the stem 
directed toward the blart. Recording i r  on a Tektronix No. 551 dual- 
beam orcillorcope in the laboratory and on a 14-track Leach No. VTR 
1200 in the field. 

Extenrive terting of the probe in a laboratory shock tube and later 
HE trial8 gave the invertigators confidence in the overpresrure data 
in the region of the blart between the rhock front and the contact rur- 
face up to a flow of Mach 0.75. 

Two modific8donr were ruggarted tor poralble irnprovsmsnk. 
Firrt, 8 reduction of probe thicknoma war propored to heip reduce 
gage orcilhtion. The orcillatim, with a period d about 0.6 milll- 
recmd, war obrervod in the record immediately after rhock arrival, 
particularly 8 2  higher hbch numberr. The magnitude of the orcil- 
k t ionr  war found to be proportional to the tMcbrerr of the probe m3 
war attributed to the diffraction of the initW rhock and ruccsrriva 
rhockr and rarefaction waver. The recond nrodiftcatlab proporad 
war a reduction of probe rire. Since tho acrod@umic rergonre time 
of the probe ir expected to rcale with probe rise, i t  would reem 



worthwhile to  reduce probe diameter. flowever, this muat be teeted 
carefully; when the diameter ie  reduced, the thickneee ratio increaree, 
which increases the ringing of the gage. 

There a r e  many syeteme using piezoelectric sensing elements. It 
i s  interesting to note that investigators ueing identical equipment on 
similar project8 may expresr widely divergent opinions on the worth 
of a particular gage, 

The General, Atonice Division of General Dynamics offerr reveral 
standard-item bas gagce, all of which operate on the principle of con- 
ducting the pressure pulse down an elastic bar  to a eenror which ie  
shielded from the environtnent affecting the bar. Reference 18 dio- 
cua8es theo~ct ica l  aspect8 of bar gages and the different configuratione 
possible. 

h G e n e r a  Atomics Quartz P re r su re  Bar Gaga, the p r a r m r e  pulre 
inducer a rtrain in  a 114-inch by 24-inch tungrten rod which in turn 
loads the war- renring element. Beyond the ranring element is a 
magnerium rod. The rodr and the quartz a r e  securely cemented 
together with aa epoxy cement. In theory the contrast between the 
acouatic impedances of the two rode causes the r t r e r r  applied to the 
quartz renaor to be much lower than that ia the tungsten rod, ro  that 
mesauremant of p r e m r ~ ~ r e r  up to 5 kilobarr (about 75,000 poi) will 
not rhatter the cryrt.1. 

The time duration which can be mearurcd by thir bar gage i r  260 
microrecondr. Thir duration i r  determined by the time required 
for  the reflected r t r e r r  waver to return to the r tn ro r  from the endr 
of the two rodr and perturb the output of the renror. 

Whan tested by MIT (Refereace 191, the 9a9e exhibited an extremely 
fas t  response to the prernr re  wave (about 3 mlcromecondr); however, 
there war a rlower rile in the riaad above the faitial j\irnp to a perk 
about 80 prrcent higher h 80 microrecondr. It war believed tbrt the 
owtrrhoot m e  due to an impedmce mismatch between the quarts 
c r y a h l a a d  the tungsten rod; however, wben UI Jumtrurn rod m a  
rubd tu t ed  tha overshoot war  not eliminated. Swift a t  SRI (Referaace 
20) point8 out that the baric aarumptioo af amy bar gage, i. e., t h t  
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the s t re re  wave i r  tranrrnitted down the rod without Qrtortion, i r  
not true. The epeed of initial loading can caure orcillatians and pro- 
duce overehoot. 

The Stanford Rerearch Institute proposed a rimplified bar gage 
suitable for high prarsure studiee, capable of handling a signal of 
longer duration than the 260 microrecondr of the General Atomics 
gage (Reference 13). The SRI design would racrifice rerolution by 
accepting a r ise  time of about 10 microrecondr. This would allow 

.I the ure of a continuour rod with one o r  tnore eenrore located 4 feet 
o r  more from the sensing end for better rhielding, and with at  leart - 4. 6 feet of rod beyond the oensor, allowing an operation time of some 

? 750 rrdcrorecondr. It may be possible to extend the bar  much further, 
o r  to terminate it to avoid reflection, but the limit ir probably 1 o r  
2 milliaecondr of ureful meaeurement time. 

SRI felt that there war some advaatage in uring two types of ren- 
sore on the rame gage. A high-impedance piezoelectric renror can 
be made to deliver a large rignal, uut i t  ir renmitive both to the EM 
r ignd  at ser3 time and to the nuclear radiation. A loarimpedrnce 
strain renror puts out a rmaller rigaal, but ita renridvity to outride 
rourcer ir low, r o  i t r  signal-to-lroire ratio may be  better. 

The 'quarts b r e r m  re gage d e d p e d  by the Suldia Corporation and 
dercribed in the rectioa on earth r t r l i n  g q e r  (page 127) would per- 
ribly prove adaptabie to extremely high peak-prerrure meamuremant 
in l nuclear environment. 

The Kirtler Corporation producer a tine of quarto a r f e r  prar rure  
9.908 which l ave  bean ured with coartderable ruccorr ia r b c k  tube 
&ad laboratory work but wltb tear satiof8ctory rarul t r  in f i d d  rtudier. 

Both the 600 and '100 aerier  g y a r  bave beem tartad kr the field, 
prkrciprlly tbo 601 a d  603. The output from the Ktatler aaaer ir 
urudiy f . d  tkrou~h r Kirtler No. 503 e lsc t roru t ic  c h q e  amplifier 
to cmver t  tba abed bo a low impeduarce coarptible with laag crb1.r 
md ordlnuy recording equipnmt. 
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The 601 accommodates pressures  from 10 to 300 ps i  and is physi- 
caliy small, thus well adapted to mounting in dynamic probes and 
stingers. MIT (Reference 21) reports a 10-microsecond response 
time using optimum electrical. filtering, but there  was a large  o s ~ i l -  
lation in the signnl. Uaing a 44-kHz second-order f i l ter  (3 db down), 
the overshoot was reduced to 5 to 18 percent, but the response t ime 
increased to 12 microseconds. 

The 603 i s  slightly dmaller and should have a higher natural  f re- 
quency, a fas te r  r i s e  time and should be  leas respcinsive to accele- 
ration. A F W L  reports a temperature sensitivity which can be cor- 
rected by an ablative silicon rubber coating (this i s  now a standard 
feature available on Kistler gages). MIT (Reference 21) tes ts  ahow 
a response time of about 7 rnicroseconda, but the gage output, like 
the 601, oscillates. With a lower frequency fl i ter ,  the response time 
was reduced to 10 microseconds, but a 15-percent overshoot remained; 
the oscillation of the signal was about f 10 percent f rom the mean to 
the peaks. 

SRZ Premre Pwbe 

Poulter Laboratories of the Stardord Research Institute has de- 
signed a pressure  probe for measurement in the 1.00 to 50,000 psi 
range (Reference 22) which uses the piezoelectric principle in a unique 
way. A radially polarized piezoelectric ceramia  (PXT-4) ring is 
fixed around a cylindrical sapphire rod. Overpressure  s t r e s s e s  one 
end of the rod, and a pressure  pulse is propagated along the rod which 
s t resses  the sensing element in a radial  direction. Transient tem- 
peratures a s  high as  150,000aK for  100 microeeconde can be tolerated. 
Static snd dynamic calibration in a hydraulic p ress  (to 36,000 psi) 
and by a dropping rod (to 10,000 psi) indicates a linearity of response 
of about 2 percent. A cathode follower is required to isolate the gage 
f rom the high capacitance aseociated -,+ith long cables. 

, Aslant& Reaearch Corporation 

Three Atlantic Research Corporation piezoelectric gages, the LC33, 
LC71, a!d the LD80, have been used in blast work. The LC33 i r  a 
high presaure  pencil-type probe about 112 inch in diameter and 10- 
inches long. I t s  ratad maximum prereure  i r  1000 pri ;  however, the 
2-percent l inear range is about 100 psi. 
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MIT (Reference 2 1) measured the dynamic response of an LC7 1 
mounted or, a 1-318-inch thick steel plate a t  the end of a shock tube 
a t  100 psi. The gage proved to be linear within 2 percent of full 
scale. Its sensitivity varied between 85 and 130 picocoulombs/pri. 
T h e  measured r i s e  time wae 5 microreconde. However, the signal 
exhibited a large oscillation. Electronic filtering to produce an 
optimum compromise between eignal response time and oscillation 
resulted in a 6-microsecond r ise  time and about a 7-percent over- 
shoot. The measured axial acceleration seneitivity wae 0.025 pailg, 
somewhat higher than the 0.005 psi/g listed in the manufacturer's 
specifications. 

In tests of the LD80, NOL has obtained rioe times of about 1 
microsecond. This was without damping and oscillations were noted. 
Since the LD80 has a natural frequency of 500 kHz, becond-order 
filtering should be able to produce response times of about 3 micra- 
seconds. It was found that a single layer of b k c k  electrical tape, 
used ae a thermal shield, helped to reduce the overshoot. 

The Surquehaaaa ceramic pibzo-gage is used by AFWL a s  the 
rtandard for low-prssrure (i. e., < 1000 psi) rhock tube work. Because 
of the poor dc responne and temperature sasi t ivi ty ,  the gaye ie  not 
ruitable for field ure. MIT h o c k  tube ter t r  (Reference 21) of the 
ST 4 a t  2000 pri and -3100°K showed a 3-microrecond response d t h  
no overshoot o r  orcillatione. On one test  the r i se  time was 1 micro- 
second, but the limiting iactor apparently war the bandwidth of the 
electronics employed in the ryrtem; the t i r e  time actually may be 
much lorr.  Black electrical tape war used a8 a thermal protection 
with no indication of degradation of reaponre. The gage waa linear 
within 1 percent, and the renritivity war within 3 percent of the man- 
ufacturer's specificarcionr. Of rbc different pieso-gqer terted, MIT 
preferred the Susquehaana for rhock tuba work. * 

*The rix ware Susquehanna ST4- lOK, Athctic Rerearch LC11, 
Atlantic Rerearch LD80- Ml, Kistler 603Mi0 1, Kisticrr &If A, Gsnclrrl 
Atomic P re r ru re  Bar 108. 
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Endeoco Cgwno#on 

The Endevco Corporation of Pasadena, California, offers a high- 
frequency piezoelectric gage capable of measurement under severe 
environmental conditione. The Model 250 1 ie  available in two pres- 
sure ranges, 0 to 500 and 0 to 2000 psi. As in any high-impedance 
gage, radiation effectr a r e  to be expected. These effects should be 
manifested ae a rapid voltage rise, followed by a slow decay depend- 
ing primarily on the input impedance of the aaaociated charge ampli- 
fier, 

In a radiation exposure test  (Reference 16), the actual behavior 
of the gage was obscured due to an amplifier eaturation. This same 
saturation condition could exist in a field nuclear test. As a cor- 
rective measure i t  was suggested that either the shorting relaylcharge 
amplifier circuitry be modified to prevent amplifier saturation or  
(preferably) the charge amplifier eliminated in favor of a radiation- 
resistant voltage amplifier located near the transducer. 

BRL P~~ 

BRL designs and manufactures their own piezoelectric gages to 
meet a number of requirements. Under the supervision of Mr, Ben 
Granath, the BRL approach ha8 been to construct a special gage to 
do a epecific tark. There i s  eome transfer of use, however, and 
gages originally derigned for  shock tube work a r e  sometime5 utilized 
in field studier. Two basic gage types a r e  made: (1) Bar gages, 
where a ransing element ie coupled to an acoustic wave guide in euch 
a manner that cryrtal  resonance i s  dissipated within i t s  backing, and 
(2) "Commercial" type gages. Table 4 lists some of the pressure 
ranger and eeneing elements for repreeentative BRL piezoelectric 
gager . 

Xn general, the bar gager ura a wafer of tourmaline o r  quarts that 
io bonded to r metal bar, The gage urea either 0.125- o r  0.25-inch 
cryrtalr  in a 0.5- o r  0.75-inch stainlees steel care,  Since the san- 
ring element iprea i r  the governing parameter for  signal output, the 
larger  gage i r  ured in the lower prsrnure region. The lengthr of 
the bar were choren experimentally to minimise ringing, '154 bar 
gaga har a high frequency response, but i t r  ureful mearuring time is 
only a few millirecaadr, due to tranrient thermal affectr, The shorter 
bar  i r  ured for gage8 making incident prer rure  meaaurementn in 
order  to minimiso r t r e r r e r  due to unrymrnetrical loading. The gager 
cam be ured to Plow velociUes r r  Mgh a r  hlach 20 without r b g h g .  
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The Yellow-dot and Red-dot gages have a lower frequency rerponse 
than do the bar  gages and a r e  used in lower pressure a reas  where 
rerpolare i s  not so critical. The Yellow-dot gage i s  limited to shock 
front velocities of Mach 4 and lower. Velocities in excess of Mach 4 
excite the gage to ringing. 

In lower prersure areas,  an enlarged version of the Yellow-dot, 
uring a 318-inch diameter element, i s  used. This gage, called a 
Field Pickup, provides a greater signal to compensate for  the in- 
creased length of cable that i s  often required in field experiments. 

A cathode follower is required to couple the high impedance gage 
to a low-impedance amplifier. Recording in the lab i s  on a Tektromix 
543 oscilloecope with 53-54D preamplifier. Field recording i s  on a 
variety of instruments; CEC System D and the Leach and Weber re- 
corders have been used. 

Mechanical Systems 

The Ballistic Research Laboratories have carried on the develop- 
ment and improvement of self-recording mechanical systems since 
the early 1950s. Many variations have been constructed, using vari- 
ous combinations of a ensing diaphragms, recorders, and timing ele- 
ments, to reduce the size of the system while increasing i ts  reliability 
and ruggedness. 

In all  the gage types, a deflection of the sensor diaphragm is re- 
corded on a glass o r  stainless steel element a s  a scratch by an 
osmium-tipped phonograph needle stylus a r m  linked to the center of 
the diaphragm. A separate timing scratch i s  provided by an orcil- 
lator. 

The latert  model of the BRL syrtem (Figure 12a) has seventeen 
interchangeable renrore providing pressure ranger from 0.03 to a t  
lsar t  1000 pal with a t i r e  time of approximately 0.2 to 0.5 milU- 
recoad when critically damped (Table 5). Damping, to midmine 
ovsrrhoot and orcillation, i r  adjusted by the riae of the orifice which 
admitr the prerrure pulre to the diaphragm. The ringle-diaphragm 
renrorr  a r e  conrtructed of NiSpan C rtainlerr crteel in a convoluted 
flexure dirc welded to o mounting ring for eare  of interchange (Figure 
ltb). The rtylur and it8 rpring a r m  a r e  attached to tho diaphragm by 
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T&le 5. Choradwistia of BRL mechanical self-recording diaphragm s w w x s .  

Sensor 
Ranges 

(mi 

0- 1 

0-2 

0-5 

0- 10 

0-25 

0-50 

0-130 

0-200 

0-400 

6600 

0-1000 

0-20000 

0-30000 

0-10 
Negative 

0-0.50 

04.125 

Sensor 
Natural 

F - w ~ ~ Y  
(Hz) 

820 

1 085 

157Q 

1895 

2726 

1995 

3615 

435 1 

5105 

5955 

6990 

1915 

430 

I 

0 - 0 . ~  

4 

Sensor 

Deflection at 
Rated Pressure 

(mi Is) 

15.30 

19-60 

20.20 

26.80 

Flom 
* -& &a at this tfm. 

* - 43 

23.90 

24.20 

28.60 

31.35 

23.17 

20.82 

20.10 

25.70 

18.15 

2YI 1 :;:: W )  

Characteristics 

H yrteresis 
(percent) 

0.7 

0.87 

0.00 

0.67 
! 

0.20 1 0.70' 

1.10 

I 

Linearity 
(twminul 
b-4 

1 .60 

1.68 

1.60 

2.69 

0.30 

0.35 

0.72 

0.86 

Q,52 

0.59 

0.2 

0.55 

0.60 4.9 

4.2 

I 
2.40 

0.87 , 
3.57 i 
3.75 1 

I 
2.16 1 

0.45 

0.7 

1.7 
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means of a short section of thin-walled utainless- steel tubing. As 
the diaphragm flexes, the movement of the tubing i s  restrained to 
one a x i a  by a sapphire-jewelled bearing. 

The latest mechanical recording device, a third generation recorder 
developed from original BRL patents, uses a governed negator spring 
motor drive and a separate tape for the recording medium (See Figure 
12c). The new recorders, Exline Model 245, were considerably 
smaller than ;\revious units, and the frames more rigid. The new 
recording tape was 0.001 inch thick by 318 inch wide type 410 stain- 
less  steel (magnetic) s t r ip  with one side vapor-honed to provide a 
matte-finish recording surface. To help stabilize the tape (i. e. pre- 
vent ~hifting) during shock, the magnetic tape was given a 270-degree 
wrap around a magnetized recording pulley (an idler) located between 
the supply drum and the take-up drum. The separation of the tape 
functions simplified installation and replacement of the recording 
tape, a particular advantage in field service. Two explcsive piston 
actuators connected to redundant initiation circuits a r e  provided for 
unlocking and accelerating the recorder motor to normal speed (3 
inches per second) within 5 milliseconde. Table 6 l ists the capabilities 
of the BRL gage. 

The time-base generator is an all-fluid oscillator designed by the 
Friez Division of the Bendix Corporation. The oscillator operates 
by the Coanda effect by which a fluid jet will attach o r  flow next to 
one wall of a specially shaped tube. Dieturbing the jet flow causer i t  
to attach to  the other wall. The frequency of oscillation between the 
two walls i s  determined by the characteristics of a feedback mechan- 
ism. The oscillating fluid pressure i s  used to perturb a small dia- 
phragm sensor whose attached stylus places a sinusoidal timing mark 
on the negator spring. At present, a 500-cycle oscillation is used. 
Since the fluid ured is high-prersurc compressed gar, the timing 
syrtem ie  relatively insenritive to acceleration forcer. * 

An electromechurical time-bare generator orcillating a t  200 cycler 
war developed, but i t  proved to be acceleration and rhock renritive. 
At this time, no developmental work ir being done to upgrade this 
system. 

*A discurrion of another fluidic device derigned for b h r t  . ad  rhock 
work beginr on page 100. 
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SENSOR 

I Range I Up to 1000 pi.. Higher ranges feasible. I I Deflection / 0.015 in. minimum, full scale each range. I I Ungaity I I percent maximum. I I Hysteresis I 1 percent maxinun. 1 
I 

Natural Frequency 

RECORDER 

I G q e  I 4 4/4 in. diametar (flango) x C  1/2 in. length. I 

Greater than 1 kc except irr ranges below 

Nogator spring powered with separate metal record- 
ing tape. Nominal tape speed of 3 ips and 20 sec 
minimum running time. Start-up time with explosive 
piston actuator: 0.5 m. 

Recording Tape 

TIME BASE 

INITIATION 

r 

POWER 

PHYSICAL SIZE 

Magnetic stainless steel, 3/8 in. width X 0.001 in. 
thick x 60 in. maximum length. 

Fluidic type time marker, nominal frequency 475 
cps f 1 percent at constant temperature and nominal 
20 pi gas supply pressure. 

bternal line (electrical) or gamma radiation of 
1.5 x lo4 rad/lec or more. 

1 

Rechargeable dry cell, 12 volts nominal. 

I Temperature I (nmr only) -650 to +1650F. I 

Fluid Supply and 
Regulator 

MOUNTING 

WEIGHT 

ENVIRONMENTAL 

10 to 80 cp, 0.06 in. double amplituda and 80 to 
2 o o o c p a t 2 0 g .  

75 g tested. 

100 g, 10 nu. At rhodc levels of 300 to 500 g, tho 
p l#mt rac r i sub j& tom clrmrof*3to*7 
pcmt . 

4- 11/16 x 2- 11/16 x 1-3/4 in. 

Flange. 

4.6 ib. 
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Since there a r e  no electronic circuits in the senror, rbcorder, o r  
time base, the mechanical system is  insensitive to TREE and EMP 
effects. The components used have high radiation tolerance. With 
proper shock mounting and thermal protection of the diaphragm, the 
system should be able to measure pressures in excese of 1000 psi. 
The system has withetood 100 g acceieration without affecting response. 
Tests a r e  now being conducted a t  500 g for 8 to 10 milliseconds. 

A major drawback to a mechanical self-recording system ie that 
i t  must be recovered before the record of the ehock i s  available. 
In high pressure-level a reas  of nuclear tests, i t  may be days before 
the gage i s  recovered. At present there i s  no method of obtaining a: 
zero-time mark on the record, although an earlier model which re- 
corded on a disc had provision for a light-activated zero-reference 
trace. 

BRL i s  continuing to improve the existing gage. Some of the pro- 
posals for change are: use a porous stainless steel in place of the 
orifice to improve damping characteristics; improve the frequency 
response of the sensor (which i s  evidently limited by its existing dia- 
meter); develop a fluid amplifier to increase sensitivity; improve 
the fluid oscillator t imer to give a more nearly perfect sine curve. 

Optical Measuring Methods 

Application of the Rankine-Hugoniot equation8 of reate enabler the 
physical parametere immediately behind a shock to be derived from 
a knowledge of shock velocity. The use of high-speed cameras to 
photograph the expanding shoek bubble against a ruitable backgzound 
i8 a standard mearuring tool for determining the peak rhock prerrure 
as a function of dirtance. However, the standard calculationr from 
the rhock velocity technique for peak prer rure  give no information 
about the prearure dirtribution and flow ch rac t e r i r t i c r  of the wave, 
and they may not be applied to mearurementr where the RMWne- 
H u g d o t  charactsrirt ics a r e  poorly known, or  when a ruitable back- 
ground crarrot be provided. 

Muulton and Simmaadr (Reference 24) dircurr  a photo-valocity 
technique, employing refractior: of Ught through a ahock bubble. 
Thia approach t9 the determination of prer rure  from velocity data 
ha8 been ured in nuclear rtudier since 1950, A auitablc buckground 
ir prepared either by firing a group d rmoke rocketo to form a grid, 
or  ernpkciag a crnvar painted in A grid pattern. A hi#h-aped camera, 



positioned so  that the shock wave travels between the camera and 
the grid, photographs the expanding ehock bubble. The edge of the 
shock is easily visible on the photographs as  a distortion in the image 
of the grid caused by the effect of the refraction of light passing from 
the gria to the camera through the denrity dimcontinuity of the shock. 
Since the framing speed of the camera and the between the 
grid, shock wave, and camera a r e  known, accurate values of velocity 
may be obtained. Table 7 l ists selected characteristics of some of 
the cameras used in this type of measurement. 

The photo-velocity technique is suitable for  pressure determina- 
tions a t  very high pressures, and good agreement with analytically 
determined curves has been obtained to about 150 atmospheres; how- 
ever, the syrtem i s  subject to large e r ro r s  a t  low overpressure 
values. 

Recently BRL, particularly Mr. Noel Ethridge of the Terminal 
Ballistics Laboratory, has been conducting feasibility studies on 
other optical techniques and methods of optical data analysir. These 
techniques a r e  intended to provide a comparatively inexpensive yet 
accurate means of measuring shock parameterr a t  high altitude8 
where direct measurement methods a r e  both difficult and expensive. 

The BRL method applies the Gladrton- Dale relationship to relate 
the index of refraction to a i r  density (Reference 25). By shadow- 
graph photography using a point light eource, a refraction profile of 
the rhock is obtained from which i t  i r  possible to calculate a dsnrity 
profile of the rhock bubble and determine the pressure profile of the 
shock. Experirnentr have been performed uring the moiar dirc and 
point light rourcea (Raference 26). In m HE field teat uring the rolar 
dirc a r  the light source, the deaaity profile converted to an over- 
prarrure-time profile war found to be in agreement with the BRL 
re& recording #age rerultr  (Reference 27). 

For  a point Ught rouree, the daarity profile caa be determined 
only for the region immediately behind the shock froat. F o r  ra eat- 
tsndad bnckground Light rourte,  information c m  be derived over c 
correrpondingly larger  portion of the b l r r t  wsw. During the S J l o r  
Hat HE tertr ,  cametar recording the event fortuitourly viewed the 
earth'r borison; examinadon of the photographs showed ra effect aa 
from r r o k r  disk of infinite radiur, ro  it may be porriblr to u re  the 
horiwa to record the daarity profile of a rhock during moat d i t r  
time hirtory. 
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The lower limit to which this technique may be extended i s  a func- 
tion of both the magnitude of the density discontinuity behind the 
shock and the resolving power of the camera and film. Potentially 
the method may extend measurements into very low overpressure 
levels. 

It i r  suggested by BRL that the concept of observing the passage 
of a shock from a nuclear blast against the solar disc may have other 
applicationa. Since the sun provides a background radiation source 
with a wide range of frequencies and spectral emission and absozp- 
tion lines, a measure of a ir ,  o r  shock, temperature may be possible 
by recording the extent to which nitrogen spectrai lines a r e  absorbed. 

BRI., ;s also conducting s t u d i e ~  to apply laser mapping techniques 
to the determination of blast parameters. Varioua tracking systems, 
doppler shift meaousement, and interferometric methods are being 
considered. It is  suggested that the radius versus time, density pro- 
file, particle velocity, and velocity profiles may be obtained. 

SPECIALIZED AIRBLAST MEASIIREMENTS 

Both mechaaical and electronic gages a t e  used singly and in com- 
bination to obtain blast dz+ta a t  high altitudes o r  a t  great dis tmces 
from the detonation. 

Low Pressure Mearurement 

Microbarographs may be divided into two general classar: the 
very sensitive "absolute" dc instruments, and "high-pare" instruments. 
Absolute instrumentr have a flat response from zero to cut-off fre- 
quency, and high-par8 instruments measure the difference between 
the prerent prersura oad a weighted average of the prior prersurer.  
This weighted average i r  determined from a rde rence  volume of 
a i r  which ir connected to the atmoephere by a slow leak. Often an 
acourtic l ow-pro  filter-a leak in dericar with the volume--ir included 
to filter out turbulctoce and high-f reguascy noire. An equivdemt 
electrical circuit may be conrtructed in which the lark6 a r e  rspre- 
r a t e d  a8 rerirtancer and the volume8 a r  capacitorr. 

Mort meterolagicd mearuremeutr are made with ab roh te  inrtru- 
rnentr urinu an uraroia bellowr o r  bourdaa h1b8 renrorr.  The data 
obtainod relate to very very low frequency atmompheric fluctuations, 
1, a. cycler / b u r ,  Aknorpheric deviationr ar rmdL &r 0.04 rnb 
(0.0006 pri) m y  be mcarucad, and ranger of 500 mb (7.25 pri) a r e  
available. 
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Since each microbarograph i s  designaa and constructed to operate 
in a particular frequency range, the sensitivities a r e  correspondingly 
sslected. At the present time any single instrument cannot be used 
over a large range of frequency and signal levels. Table 8 indicates 
the response charac tc r i~ t ice  of three commereial~y available high- 
pass microbarographs which might have application to blast measure- 
ment (Reference 22. A).' 

Table 0. Higt,--pass microbarographs . 

Type Globe 

Sensor 

I Linearity I <5 percent 

r 
Capacitor microphone- 
amplifier 

Flat frequvncyl 0.1- 430 Hz 
range 

Output 

l m m  Max' 
pressure 

Voltage, 20 v peak 
to peak, 0.5 v/pb 

*500 @I 

Manufacturer 

-5 percent I 0.5 percent 

Voltage, mox i 
10V dc, 
O.ooOrv/p b 

A few low-level meaeuring instruments have been specifically 
designed for blast measurements. 

The low-pressure range sensors for the BRL self- recording gages 
a r e  intended for measurements of minute pressure changer a t  great 
distance from the blart and have made earth-based measurement of 
high-altitude detonrtionr . 

For  very low-level measuremantr, the Sandia Corporation (Ref- 
craace 23) user  a Wiancko EPBM-2 twisted bourdon tube microbar- 
ograph rearor  capable of recording blert waver of 1-microbar to 48- 
millibar overpresrure. An amplifier and a two-channel Brurh pen- 
type recorder, with difference in sensitivity of 4:l between chumelr, 
complete the unit. The recording paper rpeed mort often ured ir 
about 1 inch per second, but far ter  and rlower rpeed rutting8 a r e  
available. A time-marking trace i r  provided an the edge of the re- 
cording p p e r .  This equipment har been ured for yearr,  with come 



mhop  modernizations, for recording distant waves from nuclear 
teats. It gives about 95-percent amplitude response to a square- 
wave pressure input in about 30 milliseconds. It has an adjustable 
bleed plug which can be set  to allow a compression to bleed off to 113 
of the initial amplitude in 20 to 50 seconds. This equipment is con- 
sidered to be satisfactorily accurate for  recording acoustic waves 
from yields ranging from 100 pounds to about 20 megatons. Calibra- 
tion and linearity checks have shown that these sets  will record within 
a 3- 20-percent amplitude accuracy about 85 percent of the time with- 
out on-the-spot recalibration. This is comparable to most blast- 
wave recording systems, unless very detailed and careful calibrations 
a r e  performed for each usage. 

ROCKET AND BALLOON-BORNE MEASUREMENTS 

Two systems will be discussed: The BANSHEE instrumentation 
used on high-altitude HE simulation tests and the proposed Blue Rock 
system. Bott  systems a r e  self contained with the seneor, recorder 
and power supply located within the instrument canister. In each 
system the canister also contains instrum?nts measuring other pheno- 
mena. 

During the BANSHEE tests, a single balloon carried both the mea- 
ruring instruments and the HE charge. Two types of gage were cool- 
tained in the instrument canister; the BRL self- recording mechani- 
cal gaee and piezoelectric gages. 

The canisters used to house the electronic and mechanical gager 
were metal cylinders approxirnately 5 feet in length by 4-3/8 incher 
in diameter. The end of the canieter that faced the charge ended in 
a right circular cone; the opporite end of the canister war flat. The 
caniater at Station No. 1-the gage station clorert  to the detonation- 
was made of rteel. The remaining three canirterr were made af 
aluminum. Each canirter conriated of a number of individual cylin- 
derr  that were fartened together to form the complete cmi r t e r  cylin- 
der. Jointr were sealed with rubber "0" Ringr and the interior of 
the andre canieter arrembly war bled to ambient prer rure  through 
a 1 /&inch diameter bleed hole located on the flat bare of the canir- 
tar  during the balloon arcent to altitude. During the raceat m d  
floating pharer, each crnirter war ancared in a polyrtyrene thermal 
jacket derigned to rnofnlrfn the interior bt the cmi r t e r  a t  approxi- 
mately 70'F. The thermal jacketr were jettfroned approximatdy 2- 
1 /2 minuter prior to charge detonation o r  mirr i le  interception. 



The mechanical gage was constructed as a complete sub-areembly 
of the instrument canister, and the gage housing became a cylindri- 
ca l  section of the canister. 

Kistler MIC and BRL lead inetaniobate electronic gages were  re-  
corded on Leach MTR-500 14-channel miniature tape recorders.  The 
sensing surface of one lead metaniobate gage was covered with a 
protective cap  s o  that it would indicate effects on the gages which 
might not be directly related to blast  pressures.  

After the detonation, the instrument str ing was parachuted to 
ear th  and recovered. 

Two problems were noted with this system. * Fi r s t ,  there  was a 
shock induced through the suspension system which caused the elec- 
tronic gage pre-amplifiers to saturate. Evidently, the pre-amps 
were  sensitive to both the mechanical shock and the induced accele- 
rations. Secondly, there were often failures with the thermal jackets. 
I t  is believed that gage sensitivity was reduced due to cooling of the 
gages. 

The Blue Rock system i s  designed by NOL to measure  blast  pres- 
su res  f rom high-altitude explosions. Magnetic tape recorders  in- 
side parachute- o r  balloon- supported canis ters  record pressure-  
t ime data f rom sensors  located in the noses and a t  four uniformly 
spaced positions about the mid-sections of the canisters.  

The pressure  sensor  used i s  an aluminum piston supported by a 
thin aluminum tube operating within a s teel  cylinder. Two active 
semiconductor  train gages a r e  bonded to the outside of the thin 
tube and react  to s t r e r s e s  induced in the tube by p res rure r  exerted 
on the piston face. Two additional identical r t r a ia  gages, which com- 
p r i se  the remuinder of the bridge, a r e  packaged within the aluminum 
tube. A full-rcale p r e r r u r e  applied to the r e n r o r  pieton face  pro- 
ducer an unbalance of 12 mv/v in the s t ra in  gage bridge. The lowert  
mechanical resonance of the renror  aroernbly is approximately 30 
H a .  

*hb-ryetem and component malfunction8 were  a l r o  noted, but, 
mince there  are almost normal fo r  a field operation, only thore prob- 
l e m ~  unique to the balloon-borne ryr tem a r e  dircusred. 



Bridge controlled oscillators associated with the sensors produce 
r ignd  frequencies proportional to bridge unbalance. These F M  rig- 
nal frequencies, proportional to applied pressures, a r e  then recorded 
on the internal tape recorder. 

Fluidic Devices 

In addition to the fluid oscillator time-base generator described 
(on page 90) and the contemplated development of a pure fluid ampli- 
fier,  Bendix- Friez developed for BRL a liquid mass, self-damping, 
triaxial self-recording accelerometer which merits mention. Although 
the device has not yet performed to specifications, it holds promise 
of evolving into a reliable, radiation- resistant field instrument. 

All components of the prototype gage except the high pressure 
gas supply and pressure regulator were housed within an aluminum 
alloy cylinder with a stainless steel cover and mounting plate. The 
overall dimensions were 11-112- inches long by 4-314-inches diam- 
eter a t  the mounting plate. The gas supply and pressure regulator 
were housed in a separate cylinder 5- 1 12- inches long by 3- 1 /4- 
inches diameter, The two containers were connected by peumatic 
tubing and an electrical cable. 

The following were principal components in the accelerometer 
ha r ing :  

1. A liquid mercury seismic mass, housed within a roughly 
cubical cavity, with a Ni Span C membrane mounted on each 
of the six cavity walls 

2. Sir conduit8 containing the rilicone fluid coupling liquid, 
su r t i ng  a t  the outer surface of each of the six membrane6 
and terminating at a Ni Span C diaphragm ia each conduit 

3. A metal tube, carrying a atylua, connecting the outer 
rurfacer d the diaphragmr, ia pairs, for  each of the 
three orthegmal u s r  of the reirmic cavity 

4. A rpring-powerad tape recorder in which a negator 
apriag aupplied the motive power and the recording rur- 
face 

5. A fluid o r c i h t o r  timar operating 8 atylua a t  a u l i b r a -  
ted frequency of approximately 500 Ha 



6. A fixed o r  reference etylue 

7. A battery 

8. An t&ploeive piston actuator 

9. A manual arming ewitch, 

In operation, a remote initiating ewitch i s  closed to f i re  the explo- 
sive piston actuator to accelerate the tape recorder to normal tape 
epeed within five millieeconds and etar t  the regulated gas to flow to 
activate the fluid timer. The recorder tape runs a t  about 3 inchee 
per eecond for 20 seconds. Acceleratione eeneed by the inetrument 
appear aa deflection6 in the tracee scribed on the tape by one o r  more 
of the three aeneing styli. At the same time the fixed o r  reference 
stylus and the timer stylue scribe respective traces on the tape. 

The principle of operation of the eensing eyetem may be deecribed 
ae follows: when the accelerometer ie  subjected to acceleration, 
the liquid mercury tends to move in the direction of the resulting 
force. Motion of the mercury deflects one o r  more paire of mem- 
branes on the cavity walls and thus imparts motion to the silicone 
fluid in  the coupling linee. The coupling fluid transmits motion to 
the diaphragm6 which, acting in pairs, deflect the attached styli. 

Data i r  obtained from the instrument by removing the tape from 
the recorder and examining the traces under magnification. Acceler- 
ation values a r e  determined by comparing the observed deflectioar 
with calibration data. Time intervals a r e  determined from the num- 
ber  of cycler of known frequency traced by the timer stylur, The 
reference trace server  a r  an indicator of tape stability. Table 9 l i r t r  
the characteristics of tM8 device. 

Two major drawbacks to field ure  eldrt. F i t r t ,  the ure  of mer- 
cury ar the ranring mars  producer a very heavy instrument, Sacmd, 
underirable crorr-talk war prevalent in drop torts. Crorr-talk in 
there tri8xi.l accelerometerr may be roughly defined a r  a recorded 
rerponre in m e  o r  both u e r  ab right angler to the direction of the 
input accderatioa. 

GAGE MOUNTING 

The g.ge r y ~ t e m s  dercribrd in ths preceding rection may be ured 
to mearure either rtagaation o r  incident preraure, depending on the 
method of mouatbq the g q e r  and thedr orleaktion with respect to 
the direction of blart wave propag~tiiw. 
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Table 9. Triaxial accelerometer capabilities. 

I 

Range 

Stylus Deflection 

Natural Frequency 

Damping Ratio 

Recorder 

Recording Tape 

Time Base 

Initiation 

Power 

Phyrical Size 

Accelerometer 
Fluid Supply and 
R.gofatar 

Mounting 

Weight 

Fnvimmrdal 
T.mprahnr 

Vibration 

Shodt 
v 

0-75 g and 0-150 g built and tested, ranges up to 
0-1000 g are feasible. 

0.010 in. minimm for 75 g (tested). 

Approximately 60 Hz for 75 g unit. 

0.35 for 75 g unit. 

Negator spring powered with separate metal 
recording tape. Nominal t a p  speed of 3 ips and 
20 sec minimum running time. Start-up time with 
explosive piston actuator: 0.5 ms. 

Magnetic stainless steel, 3/8 in. width x 0.001 
in. thick x 60 in. maximum length. 

Fluidic type time mctrker, nominal frequency 475 
Hz _+ 1 percent at constant temperature and 
nominal 20 pi gas supply pressure. 

External electrical line or gamma radiation of 
1.5 x ld ra4sec or more. 

Rechargeable dry cell, 12 volts nominal. 

3-3/4 in. xb1/2 in. x9-1/2 in. 

4-1 1/16 x&11/16 x in. 

Bulkhead 

12 Ib. 

T ~ w  onl y -654 to +165oF. 

0-2000 Hz at 209 

250 g, 11 m. 



For s.-M.im mearnuemepts $he pitat arbs in, usoalIy employed 
(Figure 13). EtoR U e e  far both subsonic a3la -supersonic do* %asa+e 
b.een dedgned @ieferenc9 9).  

We gage Cmientation is squired to &awe that hcTd.wt prea- 
awes are  a & W Y  measureA. Two method8 are  e~xrantly standard. 
The first uses a. cid6-w b e e ,  consiir,&g d a i / Z - h &  .thick ahmi- 
num disc, 18 inches 14 diameter. P4it.h the gage m w . W  a s h  Mth 
the ~ e t e r  .& the disc (P ipres  14 amt 15). The b&le knowa the 
blast wave to deve&op a steady lamiaas flow past &.e inidt pore of th* 
gage, Chri%p&tiion of the baffle is critical; the 5ace af the disc must 
be garallel to the dire- of 'the shock pxofxip*~,  Yaw aaglas 
of 10 degrees ean pzoduca a Cperccmt ezror in t&e bhsR record. kr 
zegians of sapersoI*~ fiow, a b o v e - g r d  mounting af W aXe-OP 
baffle is not deeirgble bemuse of the W i c d t y  of constructing a rigid 
stipport @ruc.%re; ther(30rq the second mounting method places the 
gage face a& vdolr the earth's SiI~fase, p ~ ~ a u y  in the centes of a 
b rge  mass o-f toncrete, eatd oftan attached to an aluminum baffle 
whiah is, fn turn, mounted flush with t&e concrehe. 

Figure 13. Pltot tube goge mount. 
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Fipm 16. NOL oirblest gage with hsmirphwieoi brbfle. 



(09 /-- 12 INCH OUTSIDE DIAMETER ' 
1/2 INCH THICK AU4INl.M 
SPHERICAL SHELL WITH 24 
1 1/2 INCH DIAMETER HOLES 
AT SELECTED POSITIONS 

Figure 17. BRL non-directional gage mount for the BRL mechanical self- 
recording gage. 

required. The main consideration i s  survival of the gage (and i t s  
transmission line) fo r  the duration of the pressure  pulse. The im- 
portant functionti cf the gape mount a re :  

1. To absorb a s  much a s  possible of the energy imparted 
to the gage by the blast  p ressure  loading 

2 .  To shield the gage and i t s  associated input and output 
cables from the intense electr ic and magnetic f ields gen- 
erated near a nuclear explosion 

3. To protect the gagc f rom the thermal pulse and radia- 
tion p r o d x e d  by the device 

4. To protect the gage output lines f rom crushing, 

Solutions to these problerr s exist  (Reference 14). 

In general, special gage canisters a r e  designed using soft metals, 
silicon rubber, and plastics such a s  polyethylene and polycarbonate 
(Lexon) to protect the gage. Recording t imes of 3 microsccanda a t  
pressures  in excess of 4000 psi have been obtained. 
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DYNAMlC PRESSURE 

Dynamic p ressure  may be calculated from the separate  measure- 
ment of stagnation and incident pressures ;  i t  may be obtained from a 
special  gage configuration employing a sensor,  o r  two o r  more  sera- 
sore,  to record the differential p ressure  between the stagnation and 
incident measurement; o r  i t  may be derived f rom the calibrated re- 
sponse of drag- sensitive targets. 

Calculation 

In the calculation method most often used, the stagnation and inci- 
dent pressures ,  a s  functions of time, a r e  obtained f rom separate  
instruments. A correction factor, which i s  s function of the h43ch 
number of the part icle flow behind the shock,is , pplied t9 the stag- 
nation pressclre v2lue in  o rder  to determjne the t rue  p ressure  in the 
absencz of the probe. For a clean (e.g., non dust- o r  water-loaded) 
blast  wave which can be expressed mathern2 tically in t e rms  of isen- 
tropic f lo .~ ,  the Rankine-Hugoniot eqsations whicn relate the incident 
overpressure,  the air flciw and the rat io of specific hear of a i r  a t  
constant volume and cmstan t  temperature a r e  used to find dynamic 
pressure.  The calculation of the correction factors fo r  Mach comb 
preseibility, the factors  required, and methods used for  dynamic 
p ressure  determination in dusty air a r e  found in  Referenceb 2 9  and 
30. 

Since two measurements of p ressure  a r e  made, the cumulative 
e r r o r s  in calculated dynamic p ressure  a r e  multiplicative, not addi- 
tive. To help reduce e r r o r ,  it is important t l a t  the separate  gages 
be plnced close enough together to simultaneourly bense the sliock 
wave, yet  f a r  enough apar t  so  that neither gage perturbs the flow 
arounci the other gage. 

Direct Measurement 

A logical refinement to the method of obtaining data f rom separate  
gagov is to  obtain both required measurements f rom a single gage 
either by using a eine!e eeqvor to regis ter  the d~fference irk pressure  
between the head of the probe =d an entry port along the probe body, 
o r  by cwo o r  mere  seneors to make thsae measurements. Usually 
the single p r o b e , i ~  used only in regions of subsonic flows because 
the use of aide ports on a supersonic pitot tube requires a ra ther  
long span between these ports and Cha nose of the instrument in o rder  
to  a s s u r e  unpertarbed flow at the side ports. This requirement 
leads  to a mechanically weak probe. 
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Three gages have been considered "standard" for dynamic pres- 
sure measurement in xluclear tests, Although not used today in Mgh- 
explosive testing, these gages, perhaps with newer- type sensing 
elements, would probably be used in an atmcspheric n ~ ~ c l s a r  test  if 
testing were resumed. Their general features a r e  described below. 
Reference 30 discusses the relative meri ts  of each gage. 

The Sandia Pitot Static Differential Gage is n snubnose probe, 2 
inches in diatneter and about 19-inches lung, Pressure  entry ports 
a-e located a t  the tip and about 6 inches from the tip. Two Wiancko 
variable- r l l u c t a ~ c e  sensors measure the differecce between the 
etagnation and the incident preasuree and the incident prt ssure, 
resp+ctively. 

The BRL "q" Gage is similar in external appearance to the Sandia 
Pitot Cage but i s  aboct 3 inches in diameter. Normally, only the 
stagnation pressure is measured, but one model, called the QGS, 
rneaeures both stagnation and incident pressure (Figure 18). The 
seneing element 1s a BRL self-recording gage. 

The Sandia and the "q" gages were designed to measure dynamic 
pressure a t  rather low dynarnic pressure levels. The hemispheri- 
c a l  shape of the probe tip and the location of the side ports cause 
the correction for Mach number to become large a t  flows above Mach 
0.9. 

SRI developed a Total Head, o r  "2" gage specifically to gather 
data used to calculate dynamic pressure in regions of super sonic 
flow. The probe ha8 a sharp tapering nose, a dust vent, and a fil- 
ter to prevent sand and dust from reaching the aensing element. 
Only stagnation pressure i e  measured. . 

MEASUREMENT IN DUST-LADEN AIR. Duet loading of a i r  by a 
blast wave influences the dynamic forces. Special instruments have 
bean devised to determine the charactaristics of a dust-laden blart. 
Two instrumentr, the Shob and Greg gages, have been used exten- 
sively to obtain dynamic pressure'-data from atomic tests. They 





Al R BLAST 

supplement each other in field use. Reference 30 gives a detailed 
account of these gages a s  well ae  the standardized procedure8 for 
the reduction of their data. 

Snob 

The Snob, eo named because i t  is intended to ignore the dust, ob- 
tains incident pressure- a d  dynamic pressure-time measurements 
i r ~  clear  o r  duety air .  The gage diameter ie made eo small, com- 
pared with the average distance traveled by a dust particle to reach 
stagnation, that the duet loading i s  insignificant. The Snob ha6 a 
very small-diameter nose with a streamlined tip. The stagnation 
pressure i s  transmitted from a point close to the probe tip through 
a se t  of small  koles, and then to the forward pressure sensor which 
i s  located near the middle of the probe. A long cylindrical cavity 
designed to decelerate and capture dust particles also opens to the 
probe tip. The incident pressure i s  sampled through eight ports and 
is fed to the r ea r  of the sensor to obtain a differential prersure.  
There i s  also a sensor to measure independently the incident pressure. 
The response time of the stagnation sensor is about 3 millieeconde. 
l%e overall response time is dependent on the difference in f i l l  time 
between the two cavities and i s  about 4 milliseconds. Some error ,  
about 4 percent, war noted in the pressure levels recorded by the 
incident preeeure senror; this was assumed to be due to flow per- 
turbations, introduced by the gage support and mount (Reference 30). 

crsl~ 
In the Greg gage, a different concept is involved. By stopping the 

flow completely on a surface, the total momentum flux can be deter- 
mined. The gage thue needs to measure only rtagnation prereure. 
The gage consists of a flush diaphragm a-nror, mounted on a probe 
with a hernirphericd tip, The diaphragm is protected from abrasion 
o r  puncture by several layerr of rilicoa rubber. The Greg, like the 
Snob, employ8 ra Ultradyne variable- reluctance rensor. 

. By comparison of the mearurementr of the two types of gagem, 
both the clear a i r  dynamic prer rure  and the effect of durt loading 
can be determined. 
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BRL Self-Recording Gages 

BRL has constructed self-recording versions of both the Snob and 
Greg gages by replacing the normal sensing element with a salf- 
rs=--- ,,ulriing gage (Reference 31). After this modification, the Snob 
gage measured only stagnation pressure and it was necessary to use. 
tne incident pressure determined nearby to calculate dynamic pres- 
sure, The Greg gage was further modified by placing a f ree  piston 
in a sliding fit in the pressure port. The piston sensed the pressure 
and transmitted the combined air-  and dust-etagnation pressure to 
the r~elf-recordi~rg gages. Hydraulic brake fluid was ueed to fill the 
pressure sensor, the small volume behind the piston, and the con- 
necting passage. 

SRI-MAD 

A modern det.cendant to the Snob and Greg i s  the Stanford Research 
Institute MAD (Measurement of Air and Dust) gage-a total pressure 
probe which measures the dynamic pressure of the air phase and the 
momentum flux of suspended dust almost independently, and can ex- 
tend the measurement into the 500-psi region. The basic element 
in the latest vcrsion of the SRI-MAD system a vented pitot tube 
about 6 inches long with ports for measuring the local pressure a t  
two locations along the tube length (Figure 19). Pressure  is measured 
a s  near the forward end of the tube a s  possible and again a s  near  the 
rear  a s  possible. F ree  stream incident pressure is measured through 
static taps in the wall of the gage body. Venting of the pitot tube (to 
avoid plugging with dust) i s  controlled by a metering orifice a t  the 
rear  of the tube. 

As the stream of dust-laden a i r  encoilnters the nose of the tube, 
the a i r  phaee decelerates almost immediately to the velocity of the 
metered airflow within the tube. The dust particles, being conrider- 
ably more massive, decelerate gradually due to a i r  drag, slowly 
transfer momentum to the air ,  and cause a correrponding increase 
in pressure with distance along the tube length. The pressures from , 
the front and rear  port8 a r e  transmitted through separate parrager 
to variable-inductance prersure sensors (at prarent,Ultradyne Model 
S-30). Data from the front port and the static port a r e  ured to  com- 
pute the a i r  dynamic pressure, while the duferenca in presrure be- 
tween the front and rear  port i s  a measure of the durt momentum 
flux. 
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An inductive frequency-modulated-multiplex (FMX- [the X stands 
for  experimentar)) system i s  used to transmit eiytlalle from the MAD 
gage. Each of three eensore in the gage (measuring front port pree- 
sure, incident preseure, and rear  port pressure, reapoctively) con- 
s is t  of a diaphragm sandwiched between two coile, with a sealed 
cavity between diaphragm and coil on each elde. As the cavity on one 
side i s  presrurized, the diaphragm i s  displaced, causing a change in 
the inductance of each of the two coils-an increaia in one and a de- 
crease in the other. The coile a r e  active member8 of tank circuits 
of two separate oscillatore; therefore, a s  the inductance of the coils 
changes, the frequencies of the two oecillatorr also change, one in- 
creasing and the other decreasing. The orcillatorr' basic frequen- 
cies, when subtracted, provide a frequency which falls in one of 
the bands of a standard f4-kHz constant-bandwidth c a . r r i e ~  system. 
This FM signal i s  combined with other F M  signals in the car r ie r  
system and i s  transmitted to the data collection center on a single 
pair of wires. The composite signal is conditioned for  the correct 
level and transmitted to a magnetic tape recorder. The rrignsl- 
conditioning system i~ also capable of separating each band from the 
composite for  quick-look evaluation. 

The interpretation of data from the MAD gage requires a knowl- 
edge of the dust particle size. Therefore, a duet sampler i s  always 
used in conjuncticm with the MAD gage to obtain sampler for  lahora- 
tory determination of particle size distribution. 

The dust sampler is a 2-inch I. D. tube, open fore and aft, and 
equipped with two explosive cloring devices in tandem and about 30 
inches apart  (Figure LO). When the advancing dust cloud interrupts 
a light beam, the devices f i re  rimultaneously, pinching off a aecticul 
of the tube and capturing a sample of dust-lad+n, air ,  In superranic 
flow, isokinetic rampling c m  be achieved if the rhock wave attache8 
to the forward *rid of the tube and if velocity equilibrium between 
duet and a i r  ir re-ertablirhed before reaching tho location of the 
f i r r t  cloring device. Therdore,  the leading edges af the ramplerr 
a r e  r b r p ,  to niinimise rhock detachment dirtrace, and, although it 
i r  ertimated that velocity equilibrium io re-ertablirhed within about 
three dkmeter r ,  the f i r r t  cloring device ir piaced about r ix  diameters 
eft of We nore. It ir ertimated that the cloring rignrl lagr the durt 
cloud arr ival  by not more than 5 or  6 milllsecondr; rimultaceity of 
of clorure i r  arrured to within f 1 o r  2 microrecondr. Field experi- 
once h.8 indicated that the explorivo clorure devicer on tho durt ram- 
pler require rederiga o r  modification. 



CLAMPS 

ftgure 20. Dud ramplat (explostve cloarrer not shown). 

D.?ag~.ser4slLtfve targets. play lie u6H in twe wya te def&rm.ine dy- 
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l & a t - ~ a v ~ ~ . c e a  br- 8 sin& target Pn E h i a e  SIUWY par- 
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The $*gets w e e  wal lO-b-& &meter sphexes, $-inch 
10-inch d , ~ ,  ij- 5./&:imrch & w t e ~ r  @iaa~ers, and 6-5.f'S-inch 

pa&l&pgp=ds (the lasf taro mewl~trrd fn WQ ,a%w only). 
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The NOL system consisted, basically, of a variable-inductance 
sensor,  a F M  multiplexer, and magnetic-tape signal recording. The 
sensing elements contained within the target  responded to the excita- 
tion produced by the blast wave and modulated the frequencies of 
oscillator units located in close proximity to the gage. Each compo- 
nent, i n  conjunction with i t s  associated oscillator, operated on a dif- 
ferent  frequency. The signals f rom each gage were  rrrultiplexed and 
transmitted a s  a single F M  aignal on up to one mile of field telephone 
wire to an instrument shelter  where multichannel magnetic tape re- 
corders  received the signal, Calibration hnd timing signals were re- 
corded simultaneously. 

The sensors  were supplied by Schacvitz Engineering Company and 
Ordnance Engineering Company. Both manufacturers used the same 
basic desigr, for the mechanical and electrical  systems of the gage; 
however, construction details differed. The principal features of the 
mechanical sys tem were  the three  independent and orthogcjnal axes 
which restrained the target  motion to translational displacements 
only. The restraining force of each axis was provided by a pair of 
spring3 which could deflect only in a direction perpendicular to the 
plane of the springs and only when a force o r  a component of force 
was in this same direction. Because of great  stiffness of the springs 
to forces  in directions other than the one just mentioned, springs 
themselves were  used a s  rigid supports for the s t ructura l  members  
of the other two axes. In this way, the orthogonal compon&ts of a 
vector force  acting on the gage influenced only the respective recti- 
l inear axes of the gage. 

The pointa of difference between sensors  supplied by each rnanu- 
facturer  were in the type of springs used, the material  emplcyed in 
the electromagnetic c i rcui t ,  and the maximum translational motion 
the model allowed. 

Each axis  of the force gage had i t s  own natural frequency, The 
frequencies were limited by the mass  of the moving parts of tne 
gage and the spring constants required to allow this rnhsci to move 
only a s  f a r  aa necessary t:, generate the reauired electric siunal. 
These frequancier ranged from 85 Hz to 550 Ha. Thia relrdvely 
low frequency response prohibited the u r e  of there gages fo r  mecrur- 
ing short-duration diffraction forces; hence, their uacfuLness was 
lintirsd to the long-duration drag phase of the shock wave Interaction. 
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The drag-senritive target in the SRf Total Drag Probe i s  a hollow 
3-inch iong section of a 3-inch diameter mounting cylinder, 33 inches 
in total length (Figure 21). Themounting cylinder is rigidly posi- 
tioned with i ts long axis parallel with the ground and a t  right angles 
to the direction of a i r  flow (Reference 32). The target element i s  a t  
the center of the mounting tube in order to minimize the effects of 
flow around the and of the element. The target section is restrained 
axially by se t  rcrews to avoid binding a t  the interface with the mount- 
ing cylinder. 

:he rensing elements a r e  strain gages attached to an octagonal 
proving ring within the hollow target cylinder. Blast-induced drag 
forces produce a small displacement of the target cylinder, which 
i s  measured by the strain gages on the proving ring. 

Tho initial derign was for four different maximum overpressure 
ranges varying from 50 to 500 psi. The natural frequency of these 
gages varied from 4 kHz to 5.5 kHz. The sensitivity was adequate 
for  measurement from a s  low a s  one percent of the predicted maxi- 
mum loading to a dust-loaded force up to five times the predicted air  
loading. 

SRI conrtructed fo r  BRL a number of special c r o r s - s e d a n  drag 
gager which ured the r u n e  senring element a s  the SRI Total Drag 
Probe (Reference 33). The main design fcaturea of these gage* 
e r e  lirted below and a r e  rhown on Figure 22. 

SRI- BRL Square Crorr-Section Total- Drag Force Gage 

A cylinder of rquare crorr-rection was urad in place 
of the original cylindrical target. 

SRI- BRL Cubical Total- Drag Force Gage 

A cube of the #&me edae dimenrionr a r  the cylinder 
of rquare crorr-section was located a t  the t ed  of the 
moundag tube. 

SR1-BRL Circular-Plate Total- Drag Force Gage 

Stmilar to the cubical gage except that an 8-inch 
dirmoter plate war lertened to the rurfhce of the 
Utget  facing thQ b h t .  
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Figure 21. Tobl drag pmbe assembly: (ct) erplmded view-d~sg pobe 
r h w  i a  ,for s, psi overpresnrce teglon, (b) 500-pi probe 
s h n  an calibrating jig, (c) s,chemti c cr~&-s&fiio;n. 



a. SRCBRL ylindrieal drag ku, m e  of squaw ~ & I a r .  



In an HE simulation test, a l l  the gages except the cubical one showed 
severe  initial oscillations. Since the cubical and the c i rcular  plate 
gages both contained a high-viscosity silicone oil for  gage damping, 
i t  i s  difficult to a s s e s s  the significance of these oscillations. 

BRL B i d 1  

BRL has constructed a bi-axial drag gage for measuring the mag- 
nitude and direction of dynamic blast pressure.  The sensing elenlent 
i s  a load cell  in a target  a r e a  that behaves approximately like a sec- 
tion of a cylinder of infinite length. 

The Schaevitz-Bytrex Corporation provided BRL with a special 
load cell  1-inch square by 1- 112-inches long that would sense forces  
in two c r o s s  axes. A cylindrical drag gage was designed around this 
load cell, F igure  23  is an  assembly drawing of the completed 
probe. 

The conical base was designed to give rigid support to the active 
elements and to provide easy mounting in a 3-inch 0. D. by 2-inch 
I. D. tube. The base i s  firmly held in the tube by a se r ies  of se t  
screws and the bi-axial load cell i s  affixed to this base. The center 
section encloses the load cell and provides support for the nose cone. 
A minimum clearance i s  allowed between the center section and the 
load cell to  allow for  the flexing of the cell. The drag cup i s  the sen- 
sitive section and provides a frontal a r e a  of 1 inch by 1-518 inches. 
The central  web of the drag cup is  firmly screwed to the top (moving 
element) of the load cell. The four legs of the center section fi t  
through clearance holes in the web of the drag cup. To these legs i s  
mounted the threaded nose cone ring on which the nose cone is screwed. 

0t.i the high range gages, 250 and 750 pounds force, the components 
a r e  made of a high strength aluminum alloy 7075'336. On the low 
ranges, 25 and 50 pounds force,  the base  cone i s  of a milder alu- 
minum alloy 202413, and the drag cup is made of magnesium. The 
magnerium drag cup is of rufficient r trength fo r  the lower ranges of 
gager, aad being lighter, permitr  a higher natural  frequency of the 
moving elements to be realiaed. 

The entire rurface of the gage f rom the nore cone to the cylindri- 
ca l  center rection is given a rough knurled finirh. This ir to promote 
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Figure 23. Assembly drawing of BRL bi-axial drag gage. 

turbulent flow about the body and minimize variations in drag coef- 
ficient in the transition region of flow. 

Four ranges of bi-axial load cells were made for  BRL by Schaevitz- 
Bytrex. The ranges were 25, 50, 250, and 750 pounds. All ranges 
used solid-state strain patchee, giving the gages a high output signal 
of approximately 20 millivolts per volt f u l l  scale. The input signal 
wae 5 volts. With the drag cups mounted, the load cells had natural 
frequencies which varied with the rated range: 

25-pound gage = 2.5 kHz natural frequency 



50-pound gage - - 3.5 kHz natural frequency 

250-pound gage - - 5.0 kHz natural frequency 

750-pound gage - - 5.0 kHz natural frequency. 

One would expect the 750-pound gage, having naturally a more rigid 
member, to have a higher natural frequency than the 250-pound gage. 
The 750-pound element, however, i s  made of tool ateel, while the 250- 
pound element i s  made of aluminum alloy. The increase in maas of 
the steel element over the aluminum element apparently nearly can- 
cels the advantage of the increase in spring rate, resulting in similar 
natural frequencies. 

CATC Triabal 

The General American Transportation Corporation has proposed 
the construction of a tri-axial aerodynamic drag gage. The gage 
would consist of a hollow, 3-inch diameter sphere, mounted by means 
of a unique omnidirectional spring to the tip of a stinger. Blast- 
induced displacement of the sphere in each of three mutually perpen- 
dicular directions would be measured directly by three linear vari- 
able differential transformers (LVDT). The transformer signals 
would then be proportional to the three components of drag force 
acting on the sphere. 

The preliminary design war for a gage capable of withrtanding 8 

100-psi incident prersure (with a generour overload allowance), and 
having a natural frequency of about 20,000 HE. Schaevitz-B trex 1 would provide an LVDT radiation-hardened to 3 x  loz0 n /cm and 
1013 ergr lg  of gamma. The statue of this propored gage i r  unknown 
a t  thir time. 

PASSIVE DYNAMIC PRESSURE GAGES. Parr ive gager a r e  little 
ured today becaurs they indicate only total force and rpecify nothing 
of the time hirtorier which a r e  ro  important in formulating predic- 
tive damage rchemer. 

DPl 
The Aurtrdiur  XIPI gage har b a a  ured kr HE nuclear-rimdad= 

rtudier. It i r  reprereatative of the parrive gage. The DPI c-oarirtr 
of a rigid 8 k m  and cylindrical target rupported by a flexible aluminum 
hinge (Fieure 24). The blart  lmding oa the target caurer it to do- 
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f lect  away from the blast until the energy imparted to the gage i s  lost 
in plastic deformation of the hinge. Meaeurement of the angle of 
deflection, when applied to a calibration curve obtained in a shock 
tube, is a measure of the dynamic impulse of the shock wave. 

Targets with different frontal a r e a s  a r e  available to measure  a 
wide range of overpressures.  The gage i s  rugged, insensitive to 
radiation and E M P  effects, and easy to install and maintain in the 
field. There is, however, some problem of interpreting the results  
when reflected blast  waves f rom nearby objects deform the hinge, 
and the lack of a t ime history i s  a handicap. 

Other pas-ive methods have been used to determine response to 
dynamic pressure.  One is the very pragmatic approach, where a 
piece of military equipment, such a s  a tank o r  jeep, is placed in the 
path of the blast wave, and i t s  response to blast  p ressures  is photo- 
graphed. Often, only the total final damage is assessed without use  
o r  analysis of the motions recorded photographically. High-rpeed 
photography of the motions of simple objects of diflerent s i ze  and 
shape in the hlast  wave is a l so  used. 
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SECTION 4 

UNDERGROUND MEASUREMENT SWT EMS 

Three major divisions exist in the types of measurement required 
of underground shock phenomena: first ,  a determination of the earth 
s t ress  and pressure attenuation a s  the shock wave propagates through 
the soil or  rock; second, a measure of strain; and third, a recording 
of ground motion, either a s  acceleration, particle velocity, displace- 
ment, or shock spectra. All of these parameters a r e  determined a s  
functions of time, distance from burst, and depth of burial. In addition, 
the strain and ground motion measurements require specification of 
both the hor:zontal (radial) and the vertical components. 

In theory, only the s t ress  measurement and one determination of 
ground motion a r e  required, since acceleration, velocity, and displace- 
ment may be derived from each other by differentiation or integration 
with respect to time, and strain may be found by differentiation of 
displacement with distance (or vice verra). However, the accuracy 
of the calculations is dependent on an assumed perfect medium which 
is not encountered in field tests-or in laboratory tests, for that 
matter. 

Studies of s t ress ,  strain, and ground motion have been made in the 
three response domains dercribed on page 13 . The earliert  mtarure-  
msnts were a t  r t ress  levels within the region of elastic rerponrc; 
recent rtudieu have obtained data from the plartic and even hydrodynamic 
tones at  preraures of hundreds of kilobarr. 

It i r  believed that the most important loading imposed on an under- 
ground rtructure will be produced by direct airblart-coupled ltsdlng 
on the carth'r surface rather than by energy tranrmitted through the 
ground from region8 clorcr to ground zero; therefore, the greatert 
anrount of effort has teen to obtain underground meaturomentr In the 
high-overprtrrure region, i, e.,  airblart  ovcrprcrrurcr greater than 
about 109 pri, where the a i r  ehock uutrunr the around ,hock, Mearure- 
mentr in tho hydrodynamic domain a r e  required to Improve uderr tandlng 



of the mechanisms of energy coupling into the medium, in order to 
design super-hard installations. 

S;nce the interpretation of the data from underground measurement 
is intimately connected with an understanding of soil mechanics, the 
normal problems of gage design and adequate matching of gage response 
to the type of measurement being made a r e  compounded by two other 
factors which must be considered. They are: 

1. The properties of the soil or rock medium where the measure- 
ment is made 

2. The interaction of the rcedium and the gage. 

Soils and rock a r e  nonhomogeneous, anisotropic, and non-linearly 
elastic. R e  stress-strain relationships a r e  dependent upon many 
natural factors such a s  soil or rock type, particle or  grain size, 
porosity, water content, local voids and inhomogeneities, shear 
strength and past pressure experience. 

Since the gage is, in effect, an inclusion within the medium, care 
must be taken that neither the gage nor the techniques used in ernplacing 
tlic gage alter the local free-field stress-strain conditions. The degree 
to which a gage and i ts  placement can achieve this goal determines the 
accuracy and repeatability of the mearurtment. The gage should 
assume the modulus and density of the medium ;a which it i s  placed, 
and its size and shape, relative to the size af the sensing zrea, should 
not be responsible for arching effects, Xn placing the kage within the 
medium, care  must be taken to .&sure that the gage is mechanically 
coupled to Ule medium by seeing that no voids exiat between the gage 
and the medium and that the rilrterial placed around the gage is impedance- 
matched with the medium. Variaur mcthddr of gage placement have 
been attempted. They gtmral ly fall into two categories: 

1. Compacting roil around the gage 

Naithar method b s  batn abaam to be clearly aupertor k field testa. 
?ha cbotcc ci hathod L* u r u l l y  made for other reasone. Fat  axample, 
grwtlng 10 &a a d y  possible method whaa placing n gage in rock, and 
it rbe o d y  rearerulbla method when the gasor are located far from 
t're uorrlact in a bore hole. 

b the ofctiaa* that follow, only taatrumtak 19r m*su~am+ar ia 
the bydrdyrumic md the elastic rcgioirr are coxwidered ar r e p r o t a  



categories. A load which causc-s a plastic dt.tormalion of an instrument 
(especially a non-linear plastic deformation) will distort that portion 
of the output signal generated during the deformation; thus most investi- 
gators prefer to use instruments designed far the elastic domain and 
disregard that portion of the time history which is distorted. Also, 
there is a great overlap in pressure ranges for elastic and hydro- 
dynamic domain gages. Only those gages and systems of recent 
design or current use a r e  discussed here; the reader is referred to 
Volume III of DASA 1285, Nuclear CeoeloSics, for a presentation of 
the many different types of gages which have been used for underground 
measurement. 

HYDRODYNAMIC ZONE MEASUREMENTS 

In the hydrodynamic zone, s t ress  is mdch greater than the strength 
of the materials used to construct gages. The problems of survival 
of gage and cable until the complete stress-time relation is recorded 
a r e  formidable, and have not yet been solved. Only the peak values and 
early time histories of shock pressure and particle velocity, and a 
determination of shock position, a r e  presently possible. 

Shock Pressure 

Piezoelectric and piezoresirtive principles a r e  applied to obtain 
prersure-versus -time data. The approaches have some ove rlep in 
their respective ureful ranges, witn piezoelectric quartz finding 
application in the 1- to 35-kilobar (kb) region. The piczorcristive 
technique utilizes different sensing elcrneqts to achieve ranges from 
5 to 400 kb. 

OvrsrGsOw 
%arts gager have fairly rapid responre times. Rire timer in 

the order d a few micrarecondr a r e  porsible. The accuracy of 
prerrure-time mearurementu ehould be better than f 5 percent, 
with rapca*hbility of i to 2 percent. There numbers a r e  probably 
more a function of the knowledge of the properties of the m&torlal 
b i n g  rubjested to rhetk than the gage per re. Some improvement 
might be expected 10s rmaller  area active etrrctroder with an attendant 
reduction in output r igrul level. 

andla  Corpaxrtion m k e r  two different typer of quarts gage, a 
Giick-element p*.ge 3hd LL thin-element gage. These quortx c ~ y r t o l  
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sensors show linear response to a t  least 25-kb pressure. The gages 
a r e  useful somewhat beyond this range, but tend to become non-linear 
up to about 35 kb. This latter figure i s  generally considered to be 
the upper limit for quartz gages. 

&&I Thick @mtz Gagct 

The Thick Quartz Gages a r e  fabricated from synthetic-grown 
material (termed "stone") supplied, cut, and polished to very close 
tolerances by the Valpez Corporation, Massachusetts. The thick gages 
were designed to measure shock propagation in metal plates and 
require a flat surface for bonding. Their use in field studies will 
depend on either finding a method of obtaining an adequate bond, or  
using an impedance-mismatch technique where the shock input into 
the quartz is from a material with a known Hugoniot. 

The X-cut crystals have a diameter which varies from 2  to 4 
inches and a thickness of 0.5 to 1 inch. Since the speed of shock 
propagation in quartz is about 0 . 2 3  inches per microsecond (or 
4.4 microseconds for a l -inch gage) the thinner gages produce 
shorter usable records before the signal is ohcured  by reflections 
from the back face of the crystal due to impedance-mismatch effects. 

The latest model gages a r e  4 inches in diameter and 1 inch thick. 
The ratio of diameter to thickness is important in determining the 
accuracy of the gage because of shock reflections from the side 
surface of the disc. A ratio of 4:l results in an accuracy of about 
1 percent. 

The polished crystals have metallic electrodes vapor-deposited 
on the front and back faces a s  thin (100 microinchee) filmr. The most 
common electrode material is silver over a sublayer of chrome. * 
A guard ring or groove 0.003- to 0.004-inch wide ir cut through the 
ba.ck surface electrode. The diameter of the circle formed by the 
ring is 1 - 1 12 times the thicknes s of the gage. The guard ring ir  
electrically connected to the front surface electrode through a low 
value bleed resistance (50 to 100 ohms) to match the electrical 
impedance of the center, or active, electrode. The active electrode 

'%old over chrome is available but appears lees delirable, rince during 
Lder soldering operations the gold tends to form an amalgam with the 
lead in the solder, leading to poor bonds. 
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is attached to the center conductor of a coaxial cable. The outer 
shield of the cable is connected to the junction of the front surface 
and the bleed resistor. The gage is pressure-bonded to the sample 
under test with a thin layer of epoxy. 

A high output signal level is realized whose magnihide is a function 
of the area of the center electrode. As an example, a 314-inch elt-ctrode 
will result in an  output of approximately 50 to 60 volts for a pressure 
cf 15 kb. Consequently, the gage can be used to produce a signal 
which can be transmitted over long wires directly, without need of 
amplifiers. Signal6 can be sent through over 2,000 feet of cable in this 
manner. Some form of equalizer i s  em;>loyed a t  the end of long cables 
to reshape the pulse before driving the scope or  recorder, This 
technique has been used very successfully in reading out quartz data, 
although the signal strength may be reduced by a?proxirnateiy an 
order of magnitude in the pulse forming network. 

sondio Thin Quorls Cages 

The Sandia Thin Quartz shock pressure gaga uaes one or two X- 
cut synthetic quartz discs 0. 5 i~lch in diameter aad 0.05-inch thick, 
mechanically coupled to the surrounding: medium (invariably rock) 
with a matching grout. Figure 25 shows the two types of gages. 

Unidirectional s t ress  along the X-axis produces a piezoelectric 
charge proportional to the a rea  of :he c, .z, the s t ress  level, and 
the piezoelectric constant of qua-tz. This cbarge is integrated by 
accumulation otl a capacitc:, and a voltage- -ontrolled oscillator 
located near the transducer is ased to provide ' A amplified signal 

9 for recording. 

The quarts d t l i v t r r  a net positrve charge; tliur, ahould a negative 
charge from rnl .)e c t ba r  source be stored in the capacitor, the voltage 
out of the emitter follcwar :odd indicate a s t r e r s  lower than the 
actual s t r e r r  because a portion of the positive charge from the quartr. 
would be reciuired to dcctroy thc negative charge rtored on the 
capacitor. 

In one appli~~(ti0;.  in HE aln~ulation (Reference 34), tba prerence 
of an EM-like dis!urbnr.e triggered the recording orcillorcoper and 
the 3.t~ were either obscured in the disturbance o r  arrived following * 

the oscillorcope aweeptir ,~~.  Fortunately, the data were a180 being 
recorded on F M  tope so  the pressure record. were not lost. U nothing 
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else, thls experience should indicate the value of dual recording and 
show that even in chemical explosione, precautions must be taken to 
avoid the bias of recorded data from electrical disturbances resulting 
from the detonation. 

Manganin gages to measure pressures of 10 to 450 kb have been 
produced by a number of orgaxiizations, e. g., Harry Diamond Labora- 
tories, Stanford Research Institute, Sandia Corporatior,, and the Illinois 
Institute of Technology Research Institute. 

A typical pressure gage is fabricated from 3-mil (0.003-inch) 
diameter manganin wire which undergoes piezo-resistive changes 
when subjected to pressure. To bias the gage, a constant-current 
supply is  triggered by an external sensor, located in the area of 
measurement, just prior to the production of the pressuze pulse to be 
measured. The power supply delivers from 0.2 to approximately 2 
ampere8 of current in a pulse about 59 microseconds wide (or longer 
i f  greater recording time is feasible). The actual change in resistance 
of the manganin due to the pressure pulse i s  detected as  a change in 
voltage occurring between two voltage probes. The timing of trigger- 
ing the constznt current supply is  obviously critical since it must 
coincide with the arrival of the pressure pulse. 

To give some feel for the sensitivity of the manganin gage, a 30- 
percent change in resistance might be expected for a peak presrure 
of 100 kb. The gage is linear between about 25 and 400 kb. Up to 
50 microseconds of write time can be obtained with the rnanganin wire 
gage. Rise times of 5 shakes (5 X 10-8 seconds) a r e  poreible with 3- 
mil wire and some work has been accomplished using 1-mil wire, or  
ribbon, with a somewhat farter response time. The gage is considered 
to be very good for peak presrure measurementr, although long pres- 
rure tails might be romewhat difficult to mearure accurately. 

M8nganin gager rerpond to the preslrura in the medium in which 
they a r e  embedded. Thus, Lf the embedding material material replicatea 
the propertier of the earth (or rock) in which shock propagation ir 
being studied, the gage output is proportional to the earth prerrure. 
However, when the gage ir embedded in a medium different from the 
surrounding earth, the gage output murt be corrected for impedance 
mismatch between the embeddiag material and the earth. The correction 
can be calculated if the equation-of-rtate of both the soil and the embed-. 
ding mater la1 L known. 



When used as a pressure gage, the wire i s  embedded close to the 
surface of an insulating material and the gage placed in contact with 
the surface to be sensed. As long as the wire is insulated properly, 
a variety of materials may be used to mount the gage. For example, 
the wire may be attached, with an epoxy, directly to a granite core. 
The gage may be used to sense pressure in curved surfaces. 

The lower limit of usefulness of the manganin wire pressure-time 
gage is generally considered to be appi-oximately 20 kb. However, 
examination of static pressure data seems to indicate that, with 
some further development effort, the range of the gage might be 
extended to as low as  1 kb. 

Both the HDL and the IITRI gages use a manganin spiral about 3/8 
inch in diameter, embedded in either plexiglasr or epoxy insulator, 
and oriented so that the plane of the spiral is parallel to the shock 
front. The manganin measures the shock profile exirting in the 
insulator. The corresponding peak pressure in the adjacent medium 
depends on the shock impedance and the equation-of-rtate of the hwo 
media. 

The HDL gage, designed for material response rtudier, uses three 
coplanar spirals embedded so that their centerr lie along radii 120 
degrees apart and 1 inch from the center of the page. By determining 
the arrival time a t  each spiral, the obliquity of the rhock front may be 
determined. Sandk (Reference 35) urea a similar technique with their 
impedance-mismatch gage. 

= M - w  
The SRX hdrngrnin Gage (Fhure  26) urer  8 grid d 3-mil wire 

embedded in a C-7 epoxy inrulator. The maganin wire i r  an active 
rerirtive element of an electrical four-arm bridge circuit. Up to 
a t  !zoi: 150 kb, the C-7 behave8 ideally, i. e., a8 a fluid of low 
electrical conductivity. The initial goal of the gage design rcrr a 
0.1-microrecond rime time, >SO-microoecond recordbig time and 
a f 10-percent accuracy in the ranee from 10 to 500 kb. There g a l s  
a re  gradually being met. Duration8 of about 30 microrecoadr at 
prerrurer of about 30 kb, and 20 microrecondo a t  100 kb, b v e  been 
achieved with gage 4 incher thick and 6 incber in diameter. Prer rurer  
h v t  been recorded at temperature8 up to the molting point of mngahin, 
102O'C (Reference 36). 
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Figure 26. Configuration of SRI m a n p i n  gogo in C-7 epoxy w. 
. 

In addition to the G7 epoxy, SRI h.8 ruccerrfully conrtructcd 
enganin  gager uring aluminum, granite, limertons and highly- 
compacted tuff a8 the embedding medium Studier are  now being 
performed to determiae method8 of embeddiag the reruor in playa 
(earth) material which ha8 the rame demity a d  water content a r  
the soil where the mearurement ir to be d e .  

The Sadi. Mawanin Gage, rimilar to the SRI gage, urea both a 
grid of wire a d  the C-7 epolry inrulrtor. The gage ir larger, 6- 
incher thick a d  8 incher in diameter, and has achieved a recordiq 
time of 50 to 60 rnicroreeondr before the gage failr and the wire 
brealu. 

Other nukri8lr  berider quart. and xanganin are  ured ia high- 
prerrure gager. BRL har conrtructed a gage which depeadr on tha 
change in electrical conductivity of rulphur mubjected to prerrure; 
SRI uror the piesorerirtive propartier of cdciwn; an IITRI #a$e 
depend8 on electrolytic propertier of relutioau; and the UCRL yl.rtic 
gage depedr upon the depolarisation of a rolid. 
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Rgure 27. BRL sulphur gage. 

In the BRL Sulphur Gone ( F i ~ u r e  27) the main bodybodp d the gage i i  
made of Teflon, whicb war relected becaure it i r  non-polar and doer 
not generate rpuriour rigrvlr when shocked, doer not conduct at  
prerrurer halow reveral hundred kilobarr, and ir  a clore match to 
the rhock impedance oi rulphur. The gage ir prepared by machining 
a ahallow cavity In the Teflon bare. The Teflan ir drilled and copper 
electroder are prc*rud into place. Gdd foil, 0.001-inch thick, connects 
the copper electroder to the cavity region where the rulpbur i r  placed. 
Vacuum-malted rulphur ir cast !nto the cavity. After it rolidifier, the 
excerr ir ground away, leaving & thin l a p r  of rutphur, 0.007-inch 
thick, to bridge the gap betreen tba gold foilr. The 0.007-inch rulphur 
thickaer r permitm adequrte time rerdution far  moat mecrruromentr. 
Tenat fw-tartthtioa, uruallv 0.010-in& thick, ir baadad to the 
surface witb an spaxy matched to the dewity d Teflon by the 8ddltion 
of inert filler. Tha Q. 01 0-inch thicknerr of tbe Teflon front permitr 
the rulphur to be clore to the point *ere €he maarurement ir derirtd 
a d  n w i m r  atkil~ti011 ( R d ~ f i ~ ~ c *  37). 
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m i l e  some degree of success has been achieved using this gage in 
the laboratory, no a t t e m ~ t  has yet been made to use it in field tests. 
Some possible shortcomings should be pointed out. First ,  the influence 
of temperature on conductivity has been neglected, in that the con; - 
pression-temperature relationships associated with the shock )!impb 
used for calibration have been assumed to be the same a s  the cct-:.L r f - ~ 5 : ; m -  

temperature relationships existing under conditions of the pressure 
profile measurements. Second, although compressed sulphur i s  
a s  rumed to be an intrinsic e~miconductor, irnpur ities may influence 
the conductivity and could introduce reproducibility problems. Both 
of these shortcomings will be considered in further investigations. 

The SRI Calcium Gage i s  designed for measurements in the 5- 
to 25-kb range. A thin film of piezoresistive calcium is vacuum 
vapor deposited on an  optically flat substrate. The general configuration 
of the renror is shown in Figure 28. The piezoresistive element i s  
located within the insulating medium and lies in a plane which is 

CALCIUM ELEMENTJ - GOLD 11)s ON ALL LEADS 
S I M  VIEW 

YICUUM OE?OS1TEO 
CALCIUM ELEMENT 
ON POLISNO M A C E  
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parallel to the shock front. It is in the form of a four-terminal 
network which permits reeistance measurement of only its central 
portion, thur avoiding effects due to contact resirtance between the 
leadr a;.d the element. Electrical connections to the pieeoresrstive 
element a r b  by means of four leads embedded in the insulator and 
oriented perpendicular to the plane of the shock front. When the 
shock crosses the element, it produces simultaneous compression 
and acceleration. The result ir  a fast transducer response with 
preservation of electrical continuity. A rise time of 20 nanoseconds 
and a 10-microsecond recording time have been achieved (Reference 38). 

The IITRI Electrolytic Cell utilizes a piezoreristive liquid (Fig- 
ure 29). Two platinum spheres act a s  electroderr in an electrolyte, 
whose composition varies according to the pressure to be measured. 
The cell constant, ion concentration, and ion mobility of the electrolytic 
cell each undergo reproducible changes during shock loading. The net 
result of these changes ie a change in the electrical resistance of 
the cell. The gages a re  calibrated in an explosively loaded water 
column. Three solutions a r e  presently used to provide three 
pressure ranges: 

1, Carbon tetrachloride 150 to 350 kb 

2. Paraffin 

3. Ammonia 

50 to 150'kb 

5 to 50 kb. 

Recording timer of from 5 to 200 microrecondr have been achieved, 
depending oa the peak prersure level and the distance from the burrt. 

Like the mrmganin gages, the IITRI cell it subject to the triggering 
problem for orcillorcope recordiag, but thir purely electroaic prob- 
lem c m  be rolwd with thr prerent level d ?ethnology. There ir the 
porriMUty t b t  the EM prrlre a d  initial radhtion in a nuclear burrt 
will produce chnqer  in the coll thrt w i l l  remalt in a f a r e  determiortion 
of prerruro. The dewloperr of the 8.9. at nTRX feel that thir ir not 
the c u e  urd a r e  now terdag tha #age in rimulrted nuclear aavirarmeatr. 

U C N . ~ c e g 8  

The UCRL Peak-Prerrure m e t i c  gage i r  rhown schematically 
in P i c r e  30. A 30-mil thick Lucite r b l l  ir coatmi on both rider 
with a conducting rilver paint, which 8180 Lormr the around coanection 
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. ..- . 

Figure 29. IlTRl hi&-pressure electrolytic cell rho& praure gogo. 

comr urn ww 
TO INNER SUFACE 

-f*-4 
figure 30. UCRL pd-pruure plartic ~ag. .  
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to the cable shield. The Lucite globe is filled with epoxy for 
increased mechanical strength. When a s t ress  front traverses the 
thin wall of the gage, a current whose amplitude is  proportional to 
the peak stress flows through a load resistor connected to the inner 
and outer surfaces. It is  postulated that, since the lighter compcnents 
of a molecule have higher mobilities, the passage of a shock will 
preferentially align the molecules in the direction of the shock travel. 
For materials whose molecules have a permanent dipole moment, 
the charge liberated varies linearly with the peak straes over a region 
bounded by a threshold pressure and a saturation value. It is  linear 
w e r  the stress range, which is 50 to 180 kb in Lucite. The correspond- 
ing range in the detonation medium depends on the impedance mismatch 
between it and Lucite (Reference 39). 

s a r d i o 1 ~ M ~ ~  
Sandia (R 2ference 35) has developed an impedance mismatch gage 

to measure pressures up to LOO0 kb, with rise times of less than 1 
microsecond. The gage measures shock transit timer in samples 
of known Hugoniot. When a strong shock wave propagates through a 
medium whose equation of etate is  unknown and then meets two or more 
materials whose Hugoniotr a r e  known, tllese materials acquire, 
from the shock, a pressure-particle velocity which can be determined 
by measuring the transit time of the shock. By applying the conser- 
vation equations to the system of waves resulting after the shock 
passes the interface, the p, essure and particle velocities in the 
reflected wave, (which must lie on the reflection Hugoniot-or 
mirror  image of the Hugoniot-of the medium), may be calculated. 

In the field use, a core sample from the emplacement hole is cut 
into a flat disc about 8 incher in diameter and 1 to L inches thick. 
On thir dirc a r e  mounted three smaller discs, 1-1/2 inches in 
diametei and 0.394 inches thick. Two of there r m l l e r  dircs a r e  
mirnutch material and one ir of the rock medium Centers of thenc 
dircr lie a t  120-degree interval8 on a circle oi 1 - 1 /Z-inch radiur. 
A rhock detector ir porittoned on each dirc, and three more a re  
~ h c e d  in a circle of 3/4-tach radtur inride the rmall dircr. The 
rhock detectorr a r e  rnu l l  wafer8 of PZT (Clevite Corp., Cleveland, 
Ohio), 0,lZO tach in diameter and 0.020 inch thick, raadwiched into 
a rrmU brarr  hour- to which a rtandard Microdot coaxial cable 
i r  connected. The alga81 from the detectorr ir fed into a delay-time 
coding mixer circuit which can identify the direction of rhock propagation. 
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Speed of Shock Propagation-Peak Pressure 

A numerical solution for presbure and particle velocity may be 
obtained from time-of-arrival data combined with the equation of 
state of the propagating medium. Tile comgllcations i;~ this numeric 
solution lie in the mat'r..amatics to handle the divergence of the c roa t -  
sectional a rea  with i tcreased radial dist3nce frcm the br.t.st point, 
and in the accurate determination of the in situ Hugoniot of tbe prop- 
agating medium. Unfortunately, only the pea6 presnure ard peak 
particle velocity may be determined using this technique. 

The earliest  method of obtaining shock wave time-of-arrival and 
velocity d a b  in the hydrodynamic zone utilized the leading edge ol 
the shock front to crush specially-designed,normally-open pres s~ l r e  
switches. The switches triggered a pulse generator whase o u t p ~ :  
was presented on an oscilloscope, along with a crystal-controlled 
time reference signal, and photographed by means of a high-speed 
camera. 

The switches were ~ ! s - = d  a t  kncvn distances from the center of 
the burst  and were sequentially crushed. Each switch had i t s  own 
individual pulse generator which produced a characteristic palae *lo 
that each switch could be identified on the f i l n ~  Rrtferznce 40 gives 
o complete description of the pulse syetem and cod.ing used. 

The major shortcoming ot the preasuro switch system was its 
susceptibility to multiple triggering. This phenornertan ueualty 
resulted from the alternate opening and shorting of the switch cablce 
which occurred a a  the #hock wave traveled along their leagth. In an 
inatallotion requiriag tke ure of cablea several hundred feet in length, 
the number d ertrrnaws pulrer goaerated could easily bt several 
t imer a s  great a8 the number of u r d d  pulrer a& thucr sariacrsly 
comp1icata the amly r i r  of data. A numbt~  of different electronic 
trigeeriag systems have bean devfrcd to tnlnirnlte the ax.kraaa&kr 
@re8 (Reference 41). 

~~~ 
S.ndia Corporut ion hrr developed a shock wave dejcctot 'wtkich is  - L 

r rnodifizatton af the prercrure-rwitith {Refaience 39). Twvhad- . 

rircoarte-tlabtutc pletoelnctric .. ingl detect the s t r e r r  wove arrival 



(Figure 31). The lot;! shock velocity can be calculated from the time 
differeace in triggering the two elements if the emplacement geometry 
of the gage is accurately known. 

UCRL Ph Cogd 

UCRL (Reference 39) has modified a pin gage, originally designed 
for laboratory measurements, to obtain field data. Small electrical 
contactora, or pins, a r e  placed a t  accurately measured positions within 
and near the upper surface of an aluminum block located a t  the bottom 
of the gage and orientec' toward the direction of shock propagation 

(Fi ure 321. 'Re  time sequence of pin closures i s  recorded, yielding 
bot f shock and free-surface velocities. Since it has been shown 
that to a good a~proximation the free surface velocity i s  just twice 
the particle velocity, the peak pressure in the aluminum  nay be 
ralculated. If the shock compression curve of the medium is known, 
graphical mismatch calculations can be used to calculate a medium 
pressure. It 5,-ould be noted that the frer-surface information is 
actually not required since the relation between shock and particle 
velocity is well known for alurllinun . This redundancy is nevertheless 
desirable in a field iGL 2rurn~nt. Peak pressures from nuclear detona- 
tions in granite and voicanic tuff have been successfully measured with 
this gage. 

Variations of this gage exist where the aluminum is replaced by 
salt, the medium being measured, in order to reduce t6e complexity 
of the calculations. (The gage must be adequately coupled to the 
medium. ) 

Sandia P l d g l a s s  a g e  

Sanrlia [Reference 35) uses plexiglass, which closely matches 
the Hugoniot of Nevada desert  alluvium, a s  r matrix in which they 
embed small PZT shock detectors (or a double PZT ring). Tbs 
gage consitrcs of a pair of PZT wafers 0.125 inch in diameter by 
0.020 ir i in length separated by 2.23 inches of plexiglasr. The 
equation-of-state of plexiglass is well known ro  the time diffei-&cs 
b e h  .en the PZT signals indic;ltes the shock velocity. They have 
obkined a pulse of 300 volts from the PZT rings at a presrure level 
of 150 kb, w i t t  a r ise  time of 1 microsecond, SRI ha8 recorded the 
ol:tpvt from this gage on a dual-beam oscilloscope (Tcktronix- 555) 
using the signal received from the front PZT wafer to trigger the 
scope sweep. 
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Fipre 31 . Sandia rho&-wave detector. 

F i v e  32. UCRL pin QUQO. 



SLIFER Gable 

The gages diecussed above give only disczets determinations of 
shock velocity a t  specific locations. The effect of the shcck crushing 
a cable may be utilized to obtain a continuous measure of shock 
Pfott poei!ior,. The Doppler or SLG-ER (Snorted Locarion Indicator 
by Frequency of Electrical Resonance) gage w e d  by Sandia is 2n 
electrical transmiseion line- embedded in the earth so  that the stress 
wave will m w e  along th* length of the cable-which is physically weak 
in comparison with the stress produced by the shock front and will 
thus be shorted a t  the shock front by crushing. This short will m w e  
with the local shock velocity in the medium. 

The transmission cable co~st i tutes an inductive impedance in a 
tuned circuit of a Colpitts oscillator, it8 inductance being related 
to the cable length. As the shock front continuously shortens the 
buried cable, the frequency of the 08cillator i s  increased in direct 
relation to the shock front position along the line. The output of the 
Colpitts oscillator is heterodyned with a crystal oscillator and the 
difference frequency recorded on magnetic tape. 

The derivative of the relation of shock front position versus time 
provides a measure of shock velocity versus distance. U the equation 

of state of the shocked medium is known, the shock pressure versus 
distance can be inferred. 

In field operations, 142-inch air-dielectric coaxial Telcon cables 
a r e  installed radially from ground zero at various depths, and 
attached to the oscillator. The Telcon cable has been found to crush 
a t  pressures above 1 kb. A rolid-dielectric coaxial cable, RG-8, 
has been used when i t  war necerrrary to duard agaiast the possibility 
of water penetration into the Telcon, or  where there war danger of 
damage by the backfill operation. The RG-8 crushes a t  presrurer 
above 10 kb. * 

Calibration of 8 reronmce cable require8 two meararemsntr of 
the o r c i l l a t ~ r  frequency, one with the cable rhorted at itr extreme 
and urd the other with the cable aborted a t  the orcilbtor. For a 
cable LOO feet long, typical frequencier will m r y  from abmt 500 kHt 
at  full length to 700 kHs at  t a r o  length. The frequency can be rdfprted 

*After-the-detonation retrieval of b e  cable and a mearurement of the 
dirt8nce of crurhiag rerver a r  a check on the SLIFER technique rince 
the dirtaace to a prerrure level of 1 kb (or 10 kb) can be directly 
msarured. 
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by changing lumped values of capacitance and inductance in the 
oscillator circuit. 

Errors  in shock position using this technique, arising from the 
measurement method and from the survey of initial cable placement, 
a r e  believed to be no greater than about 6 inches. The accuracy of 
the pressure calculated from these positions i s  determined by how 
well the backfill matches the impedance of the undisturbed medium. 
In HE field tests it  is  common to position the cable three to six months 
in advance of the test to allow for natural settling and compaction. 

Particle Velocity 

In the sense that pressure-determining ins trurnents rely to some 
extent on calculations of impedance mismatch between the shocked 
medium and the gage material, they may all be termed particle velocity 
in~truments, for they establish a point on the pressure-velocity curve. 
The pin gage, using a slab of the medium in place of the alumin*~m, 
measures the free surface velocity directly, but can be used in only 
a few media. The basic fault of the pin gage is  that i t  measures only 
the spa11 velocity a t  a single instant. At beat, this is only the peak 
span velocity; nothing can be inferred about conditions in back of the 
rhock front, 

The Engineering Physics Company (EPCO), Rockville, Maryland, 
conducted a literature survey and analysis of the varioun methods 
ured for close-in particle velocity measurement, together with their 
respective advantages and disadvantages (Reference 42). They con- 
sidered the application of 

1. Pin gages 

2. Impedance mirmatch 

3. Radar doppler 

5. Magnetic induction 

and concluded that 

1. Coatact pairr of pin gager and impedance mirmatch device8 
do not afford a time record of the p r t i c l e  velocity. This 
prwirion ir conridered to be e r r  ential in any new gage derign. 
h addition, data reduction to particle valocity in the care of 
the impedance-mirnutch concept involver dubatable arrumptionr, 
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requires a trained interpretation, and is inherently accurate 
only to within approximately 5 percent. 

2. Although the doppler radar gage is claimed to be capable 
of time recordings, it was pointed out that any interferometric 
(doppler) concept is prone to gross er ror  in data interpretation 
unless a tranumiseion medium is employed whose dielectric 
constant is unaffected by pressure. Since no material, save a 
vacuum, satisfies this reqnirement, the doppler concept is 
deemed unreliable for the measurement of particle velocity 
except when the transmission medium is free space (vacuum), 
in which event the device serves a s  a free surface or spall 
velocimeter. The doppler radar and laser methods a r e  too 
expensive and complicated to supplant the contact pair concept 
for ~ u c h  a free surface or spall application. As a result, the 
doppler radar and laser concepts a re  considered unsatisfactory 
for the field measurement of particle velocity. 

EPCO Vslochetn 

EPCO designed and constructed two gages using the effect of 
mutual induction to meaeure particle velocity (References 43 and 
44). An electrical conductor moving in a magnetic field will have an 
electronic potential developed across its terminals. Specifically, if 
a wixe conductor is buried in the soil near an explosion, in the presence 
of a magnetic field, a voltage will be generated a t  its terminals when 
it ir  caused to move through the magnetic field by the impinging shock 
wave. 

E P C o  Forodoy a g e  

In the Faraday induction velocimeter (Fiaure 33). a deformation of 
a wire by the shock wave, in the presence of the earth's magnetic field, 
gives ri8e to the measured voltage. 

In the self-inductance velocimeter, shown rchemrtic&lly in Fig- 
ure 34, a rtrong magnetic field i r  ertablirhed by parsing & large 
current through a parallel wire sy r t em As thir electrical configura- 
tion i r  deformed by the rhock wave, the voltage generated io uaed to 
mearure particle velocity, The mutual inductance per unit lcngth 
between the two circuits is mearured a8 the rhock front rhortenr the 
circuit8 along the X-adr, The device war derigned to merrute vtloci- 
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tier as high as 1000 ft/rec. The limiting factor in recording time 
ir  the technical problem of keeping the conductor in one piece in the 
prerence of the rhock wave, as times of up to 100 microeecondr are 
anticipated. 

Since the EPCO aaalyrir of methods of particle velocity mearure- 
ment war made, lamer technology ham undergone a tremendous advance- 
ment. It ir  probably technically pormible, using 8 MCUUm light pipe 
or perhapr fiber optics, to determine the particle velocity. The 
adnnhgem of a lamer technique would be conmiderable in that E M P  
would be lerm of a problem. 

Swift of SRI (Reference 20) har ruggcrted urine a velocity pickup 
gage to determine particle velocity. A velocity pickup ir  a marr- 
rpring ryrtem operating at  frequencier above it8 undamped natural 
frequency, ro that the relative dirplacement between the mrrr and itr 
care ir  errentially the rame 88 the dirplacement of the care (the m a r  
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Figure 34. EKO self-inductance porticle velodmeter . 
renuinr ersenthlly rtatismry), The output i r  uaually the voltage 
produced by the relative velocity of motion between a coil and a magnet, 
of which one i r  attached to the care and Phe other i r  a part of the reirmic 
m a r .  The output, then, i r  proportional to the velocity of the care 
for frequencier well above the natural frequency and amplituder leer 
than the limit of travzl of the maso with rerpect to the care. 
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CEC Wshdty Piobrp 
One type of velocity pickup which Swift considered was the Con- 

salidated Electrodynamics corporation (CEC) Model 4- 106H. This 
device is a spring-magnet type witn . r  total travel of 0. 5 inch. A 
spring-magnet type was chosen because it needs no unsupported 
leads from the coil to the terminals. 

The gage was modified by rewinding the coil with a larger wire 
and fewer turns to produce a voltage in the 500-ohm load of about 
40 mv per inch per second of velocity. If subjected to a velocity of 
about 500 in/eec, the peak signal would be a very respectable 20 volts. 
The low-frequency reeponee limit ie eet by the natural frequency of 
5 Hz which permite satiefactory operation at 10 Hz and above. The 
gage was teeted on a shake table and found to be operative a t  4000 g. 
Swift concluded that it wae probably that the f irs t  peak could be ob- 
tained with the inetrument, and poseibly a portion of the time his- 
tory. I. 

C r a r c s n ( V s ~ P i c k U p  

The Crescent Manufacturing Company velocity gage i~ self-generating 
and coneistr of a solenoid and a magnetized plunger. The solenoid is 
cornpored of two coile mounted end-to-end within a nonmagnetic tube. 
Motion of the magnetized plunger induces a voltage in each winding 
proportional to the particle velocity. The gage i s  arranged ae a 
closed cylinder with the magnetic plunger resting a t  the lower end. 
Earth motion causes the cylinder to move relative to the plunger, 
creating an electrical output. Motion of the plunger compresses the air, 
which dampe the motion of the plunger relative to its case. Output 
of the VE-200 series was determined by SRI to be 100 mv/in/sec 
with the two winding6 connected in series adding. 

The CEC gage and Crescent Manufacturing Company gage (Model 
101258, in which the magnet moves inside the coil rather than on the 
outride) were used in an underground nuclear tert  and recorded 
particle velocitier in excess of 8 f t l rec (Reference 45). 

At present no adequate method exirtr to mearure directly accelera- 
tion in the hydrodynamic none. In 8 recent underground nuclear tert  
(Referehce 45), SRI attempted the mearurement with two different 



gages-a commercial piezoelectric accelerometer and o specially 
conrtructed gage-and obtained questionable data. Since the problem 
appear, to be in the transmitting and recording syrterm, it  will .be 
worthwhile to describe the gages used. 

adum44demum 

The Endevco Corporation manufactured the lead-zirconate-titanate 
piezoelectric units, which were calibrated to 15,000 g. These gagea 
a r e  nearly undamped resonant systems with natural frequencies to 
about 80 kHz. The gage, amplifier, and an active calibration unit 
were incorporated in a single canister. Mechanical protection for 
the electronics wae provided by flw7-coating them with hard epoxy 
and potting them in the canister with a resilient silicone rubber. 

During the test the acceleration r ise time evidently approached 
o r  exceeded the frequency response of the recording system and 
resulted in a degraded record. 

The SRI-FMX accelerometer is a variable-reluctance diaphragm- 
type gage. Acceleration orifices deflect a stainless rteel diaphragm 
rupported between two coils (Figure 35). A8 the diaphragm and 
its araociated ferrite discs (used to achieve a high frequency 
reaponre) change position relative to the coils, the change in 
inductance changes the frequency of each of two FMX oacillrtor 
circuitr. 

The ulcmate range of this accelerometer is stated to be dependent 
only on the material of the gage body, which a t  about 125,000 g begin8 
to yield under its awn inertia. The range of the gage i r  re t  by varying 
the diaphragm thicknesr. Since there grger a r e  errentially undamped 
reronaat syrtemr, and a r e  expected to ring and overrhoot if excited 
a t  fraquencier near their natural resonance, every effort is  made to 
make the natural frequency a8 high a8 porrible. 

During the teat, EMP effect8 reriourly affected the FMX multi- 
plexing ryrtem ured to tranrmit the dab.  

SRI (Reference 45) conrtructed 8 rtratn gage derigned to mearure 
the strain in a grouted hole in r direction radial to the rhot point. 
The gage war derigned to withrtand o 20,000-g rhock lmd. 
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The SRI-FMX strain gage (Figure 36) was constructed of a 3-inch 
long piece of 1-1 12-inch diameter stainless steel tubing (the strain 
element) capped with stainless steel reference-point caps a t  each erd. 

Inside the tubing were two coils assembled so  a s  to face each other, 
on the longitudinal axis of the gage, 114- to 1 12-inch apart. . The coils 
were mechanically fixed relative to each other and one reference 
flange. A ferrite-disc steel-disc ferrite-diec assembly was placed 
between the coils and was mounted on a steel shaft which slid through 
center holes in each coil assembly; the shaft was fixed to the other 
reference flange. 

Compression or  extension of the strain element due to forces on the 
caps caused the disc assembly to move relative to the two fixed coils. 
Movement of the disc assembly relative to each coil changed the 
inductance of each coil, which in turn changed the frequency of each 
of the two FMX oscillator circuits, For  calibration, the shaft on 
which the disc assembly was mounted was made a threaded connection 
to the flange to permit disc-to-coil relative motion. The shaft 
was fixed in position and waterproofed upon completion of the calibra- 
tion sweep. 

The steel strain element tubing was designed to give the same 
strain for a given force a s  did the grout rlug which was displaced. 

As with the accelerometer, failure to obtain data was due to EMP 
effects rather than malfunction of the gage. 

ELASTIC ZONE MEASUREMENTS 

The instruments used for elantic zone measurement a r e  not a r  
specialized a s  those used in the hydrodynamic zone, and rome a r e  
available a s  off-the-shelf items from industrial manufachrerr. 
Empharis has rhilted from new designs to the anslyria of the per- 
formance of exirting equipments, 

There ir an ambiguity in the termtnolqy ured by both invertig&torr 
and gage mrnulacturers to dercribe rhock in earth. 77,s p r t t c u l a t  
term ured depend8 both on the viewpoint of the tavaotigator .ad the 
ure which tr to be ultimately nude of an individul mearurement. 
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Soil Stress infers only a eolid medium of shock propagation. 
The terin is  &equate for rock but not for unconsolidated soile. 

Soil Pressure implies a hydrodynamic medium-which may 
describe rock and saturated soils a t  higher pressure levels. 

Soil Shock i d e r e  the propagation of a discontinuous shock 
front-this may be the case a t  high pressure levels from 
hydrodynamically compelled blast energy, but does not describe 
airblast-coupled energy or  lower pressure phenomena. 

Pore Pressure refers to the hydraulic pressure in the interstices 
between small soil masses and i s  usually used only to describe 
soil properties, but is occasionally used a s  a measure of blast 
energy and coupling. 

One of the earliest gages used to measute soil s tress  in the elastic 
zone, the Carlson-Wiancko gage, is  still occasionally used. The 
basic g?ge is  a modification of an instrument designed by Dr. R. W. 
Carlaon for the measurement of static s tress  in foundations and grades. 
The gage consists of two flat rigid circular metal plates connected 
a t  their periphery by narrow annular diaphragms and separated 
by a thin circular space filled with viecous silicone oil. One plate 
is concentric, the inner face in contact with the fluid, and responds 
as  a diaphragm to a fluid pressure developed by a loading normal 
to the parallel faces of the gage. A Wiancko variable-reluctance 
sensor generates a signal proportional to the diaphragm deflection. 

The Wiancko sensor is used art pressure levele below 300 psi - 
and is replaced by the smaller Ultradyne unit for pressures from 
300 to 500 psi (see page 68 and page 70 for descriptions of these 
sensors). The anismatch betweep the gage and typical soils limits 
the usefulness of this gage. 

The United Electrodynamice Corporation has conrtructed for 
AFWL two types of s tress  gage: a Spool Gage a d  8 h o d  Dollar 
Pancake Gage (Reierences 46 and 47). 

UED Spod Cage 

The spool gage, which meaaurer pressure8 up to 5000 poi, ia nude  
up of two sections. Each section conrirtr of a thin circular dirc, 
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4 inches in diameter, attached to an aluminum tube or stem. The 
stem of one section fits inside the other section, sliding freely on 
ground and lapped cylindrical surfaces. The sensing element in the 
.latest version is either a Micro Systems o r  Schaevitz-Bytrex semi- 
conductor strain gage; however, gages using both variable capacitance 
and LVDT sensors have been constructed. 

The gage is installed in soil with the stem along the axis of s t ress  
to be measured; a pressure applied to one of the discs strains the 
c'entral aluminum column. The sensors on the column produce an  
o~itput proportional to the strain. The gage is installed with the sliding 
stems extended, and soil from the gage location i s  replaced a t  i ts  
original compaction between the end plates. 

The gage has an output of 100 mv full scale. It is  very stiff and 
has an aspect (heightidiameter) ratio of about 1 . 5 : l ;  thus, there i s  an  
effect due to shock transit time over the gage which s t resses  the soil 
and the gage differently, and perhaps some effect due to shock focusing. 
The density of the gage is about that of aluminum, or twice the density 
of .sand. AFWL has determined that, in dry sand, the gage over- 
registers1 the pressure by factors of 1. 1 to 1.2 for static lo3ds and 
1.3 to 1.4 for dynamic loads. 

The placement of the gage i s  a major problem especially when it 
comes to backfilling between the discs to attain original roil density. 

CiED DOlbr Pancake Cage 

l'he Sand Dollar pancake gage was designed for AFWL but appar- 
entl-r was never used i n  a field test. This UED design was a very 
thin ditrc incorporating a capacitance type of transducer. 

Tho Sand Dollar gage attempts to minimize the effect of mismatching 
the ~ncxlulue of deformations between the soil and the gage by reducing, 
the thickness of the gage. The differential strain between the gage 
and e.311 is a function of their respective moduli of deioxmation and 
the atspect ratio of the gage. As the aspect ratio is made to.approach 
zero, the differential atrain a las  approaches zero although &a 
relation between the nloduli of deformation remains unchanged. 

B,RL Po&ce(lr 

Ih th  BRL and WES use thin pncake-type g8gec1. ' n o  BRL sage 
hrrw r I-arm bonded strain gage am a renror. Itr range is trom 0 to 
60 *pr t with r 30-mv output a t  full rcale and a frequency response ol 0 



to about 200 Hz. The gage is 3 inches in diameter and 0.4 inch 
thick, with an aepect ratio of about 0. 13:l .  The total weight is 115 
grams with a density of 3 grams per cc. The sensitive part of the 
gage consiats of a single diaphragm which takes up the central 65 
psrceut of the total area of one side. The diaphragm thickness con- 
trols the flexibility or stiffness of the gage. Since the outer edge of 
the gage is insensitive to pressure, arching effects concentrating near 
the rim should be minimized. BRL has constructed a s~mewhat  
rtmaller gage, a type 5-2, 2 inches in diameter which meaoures soil 
s tress  to 90 psi. 

WEME 
The WES-SE gage (Figure 37) is  a double-diaphragm gage using 

semi-conductor strain-gage elements a s  sensors. It records pres- 
sures to about 1000 psi. The gage design is  based on the principle of 
a deflecting, rigidly clamped, circular diaphragm. The gage is wafer- 
shaped with an active diaphragm in both the top and the bottom surfaces. 
The semiconductor strain-gage sensors (Micro Sys terns Inc. PEI- 16- 
350, P type) a re  bonded to the diaphragms. The aspect ratio of the 
gage is about O.1:l but is adjustable by the addition of an epoxy ring or  
baffle around the outer edge of the disc. Table 10 list8 the main 
gage characteristics. WWE has found the SE to be a rugged, dependable 
and repeatable instrument; however, they doubt its value at zero 
depth of burial because of the difference in strelre distributions in 
a i r  and soil, e. g., a uniform distribution in a i r  and a non-uniform 
distribution in soil. The overregietration factor was determined 
by AFWL to be 1.1 static and 0.85 dynamic in dry sand. 

IITRI nukes for AFWL a single diaphragm gage that is very 
rimtlar ta  the WES-SE. The gage urea a 2-arm-bridge, semi- 
conductor rtrak-gage as a renror. Sinca there is but m e  diaphragm, 
the gage records the r t rers  at s e r e  depth of burial. AFWL reports a 
b a t a t h e  aoerregiatration factor 0.9 static and 1.1 dynamic; there 
valuer a re  b s s d  OL few data, however, and may change. The present 
gage recordd prer rurs  from 0 to SO0 pri. 

The Spits Laboratortar, Inc., nunufactures a thin wrfc$-rhaped 
variable caprcitalice gage, the f ilpip, which is u ~ e d  to messure aoil 
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Table 10. Characteristics of the WES-SE soil stress gage. 

Overall dimensions 
Diameter 2 inchea 
Thickness 0.226 inch 

Diaphragm dimensions 
Diameter 
Thickness 

0.75 inch 
0.075 inch 

Linear range (approximate) 0-2000 pig I 
output 

Linearity 

0.017 &/pi 

0.4 percent full scale I 
Hysteresis 1.6 percent full scale I 
Temperature range Below 300 to 15C F 1 
Recommended excitation 10 volts I 
Maximum excitation 21 volts I 
Acceleration sensitivity normal to diaphragm 0.01 pi/g I 
Apparent strain sensitivity 

Thermal sensitivity 

Natural fiecpwcy >40 kHz I 
Rapme ttnm (to a step input) <6 x 1 1 d m c  I 

pressure in laboratory work. Two ranges are  available: -10 to t10 psi 
and -10 to t100 psi. The gage is constructed of Saran plastic with stain- 
less steel plates and mica dielectric. The diameter is 1 inch, and the 
thickness i s  0.035 inch. Static testa show the gage to be linear with 
applied prersure sad a static overregiatratlon factor of about 1. l ' t o  
1.2. The variable capacitance sensor ir probably not the beat available 
for a nuclear environment but the gags might find ure in HE field tests. 

The Stanford Rarearch Jnstitute conrtructed 8 Surface Shear Cage to 
rneaaure airblart-Wuced rurface rherrr forcer in the 0- to 200-pri 
overpressure regian-eeference 32). The gage Ripre 38) conrirtr 
of a flat plate, l -foot rqwra, rugported on hRo octagonal half - ringr 
rimilar to the moving ring urwJ b the SRf Total-Drag Probe ( l e t  
p ~ i ? ) .  The rtrain r i n g s  iorturn*refaatened to steel mounting plater 
which a re  attached recurely ta a masrive concrete bare. The top 
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surface of the gage is covered with ordinary s ta i r  tread material 
providing a sandpaper-like finish in contact with the soil. 

Two s t ra in  gage bridges a r e  used in the shear  gage to obtain 
independent measurements of normal and shear forces. Each leg 
of the bridges contains two s t ra in  gages in ser ies ,  one mounted a t  
each end of the strain-sensing element. Damping is obtained by 
filling the gage enclosure with polybutene-20 which has a viscosity 
of about 6,500 centistokes a t  90°F. 

Ren#&er Tri-Axial Gage 

The Rensselaer Polytechnic Institute, Troy, N. Y . ,  has constructed 
for NCEL a tr i-axial  soil pressure  gage to measure 0 to 100 psi with 
a 1-millisecond r i se  time. The shape of the gage is spherical, which 
makes it independent of both the directions of the soil properties and 
the directions of the s t r e s s  field in the soil. The shell of the gage, 
3 inches in diameter, i s  divided into 8 equal segments obtained by 
one equatorial and two longitudinal planes of intersection a t  right 
angles to each other. These segments a r e  made sufficiently rigid to 
act  a s  curved beams, each triangular segment being supported a t  3 
points. Six strain-gaged spokes extend f rom the center of the sphere 
to the points of intersection of the covering segments. The system of 
measurement is based on the requirement that the 3 space components 
a t  each point of intersection can be Measured separately. In total, 18 
force components a r e  required to  establish the magnitude and direction 
of the force acting on the gage in space. 

A placement technique has been developed to minimize the effects 
of the presence of the gage in the soil. Placement i s  accomplished by 
surrounding the gage with a flexible elast ic medium. The diameter 
of this elast ic medium is  sufficiently large  to exclude the possibility 
that the s t r e s s  concentration effects, due to the rigid inclusion of the 
spherical gage, will prevent significant displacement a t  i ts  boundary. 
Transfer of s t r e s s e s  acting on the outer boundary of the elast ic medium 
then occurs through the intermediary of u material  with known properties 
and dimensions. 

The prototype gage exhibited undesirable characterist ics of non- 
linearity and hysteresis which were  attributed to  imperfect bonding 
between the gage and the elastic medium. It is unknown whether 
developmental work is  continuing on'thir gage. 
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Soi 1 Strain and Displacement Measurement 

Since strain a t  any point is the space derivative of displacement, 
these two classes of instruments will be grouped together. Usually, 
a long-span gage is termed a displacement gage and a short-span 
gage is used to determine strain, although this i~ not a universal ' 

distinction. 

Long-period displacement produced by underground nuclear explosions 
may be measured by relative displacement devices, both fixed-base 
and variable-base, and by inertial displacement. In addition, electronic 
analog circuits (Reference 35), for single and double integration of 
other measures, have yielded displacement data. 

FlXED REFERENCE DISPLACEMENT MEASUREMENT. In order 
to measure absolute ground motion directly, a reference point must 
be chosen which remains fixed with respect to the earth. This reference 
point is, in general, located a t  a great distance from the point of 
motion. Usually the reference point is selected to be a t  some distance 
below the earth's surface. Both rigid rods and stretched wire have 
been used to measure gross ground displacement. 

sonWa%ia.RodCcyr 

The Sandia Rigid-Rod, Long-Span Displacement Gage consists of 
a solid 1 /2-inch aluminum rod 10 feat long, one end of which is 
anchored through a plate to the earth. The opposite end of the rod 
is f ree  and carr ies  the magnetic core of a Schaevitz linear variable 
differential tranrformer. The transformer i s  anchored to the earth 
through its canister. Hence, the LVOT output is an index of the 
relative displacement of the two anchors. 

The rod is protected and decoupled from the surrounding medium 
by placing it inside a corrugated, flexible 3/4-inch metal tube which 
also provides a watertight assembly. Tests have shown that the cor- 
rugated tubing would withstand over 1000-psi external pressure before 
rtarting to  collapre and bind the rod. 

Since the relative earth motions a r e  generally rmall (0.01 to 0.5 
inch in a 10-foot r p n )  and the rod murt be free to move, 8 means had 
to he provided to s e r o  the unit after it was embedded in the medium by 
tamping o r  grouting. 

During inrtallation, the rod is clamped in the canirter by r pin-and- 
810toarrangement. After the inrtallation, a motor turn8 the rleeve 
containing the rlot, thereby freeing the rod to move longitudinally. 



A second motor then turns three jack screws which hold a cage carry-  
ing the LVDT transformer, thereby zeroing the assembly. 

h n d i a  also makes a 3-foot gage. It is similar to the preceding gage 
in that one end of the rod is terminated in a flat plate and the Schaevitz 
transformer is in a canister at  the opposite elid of :he rod. The size 
of the canister is greatiy reduced, the locking motor eliminated, and 
locking of the rod for installation is accomplished by cutting a groove 
near the end of the rod, in which a bar is placed. When the zeroing 
motor is operated in either direction, a cam pushes the bar out of the 
slot and a spring catch holds the bar out of the way. Two motor-driven 
jack screws move the LVDT transformer back and forth ta zero the 
unit. (See also the SRI Soil Strain Gage, page 165.) 

In a third model, the LVDT transfokmer is stationary in the canister. 
The end of the rod is threaded for several inches and carr ies  an internally 
threaded cap. Mechanical stop- permit the rod to move freely over 
a limited range, but the rod is not locked a s  in the previous models. 
After the gage is embedded in the earth, a motor-and-gear arrangement 
screws the cap, which carr ies  the LVDT core, back and forth until 
the unit is  zeroed or balanced. In this position, the rod has a t  
least a 50-per cent overtravel, the actual amount depending upon the 
size of the LVDT being used. This unit is smaller in size, is more 
rigid, and should be simpler to build, adjust, and operate than the 
previous models. The canister, about 4 incher in diameter, has a 
12- to 15-inch diameter anchor plate a t  one end. The cylindrical 
portion is covered with a soft sleeve to decouple it from the earth. 
These features give more precise reference points for  gage length. 
This model may be used with either the 3-foot or the 10-foot rods. 

sonWa wfn Cog8 

Where relative earth displacementr of reveral incher a r e  anticipated, 
the rigid- rod transducer becomes ao unwieldy and large (hence per- 
turbing the medium) a s  to be impractical, Also, long rodr (over 10 
feet) have a tendency to buckle and reronate when rhocked, thereby 
introducing noise into the record. Sandia developed long-rpan wire 
gages uring a spring-loaded wire, one end of which ir anchored to the 
earth while the opposite end ir wrapped around a rpriqg-loaded drum. 
A multiturn rotary potentiometer coupled to the drum-rhaft indicater 
any motion of the drum, A epiral clock-rprias, placed i n ~ i d e  the drum 
maintains 10 to 25 pound8 tendon on the wire. In reme applicationr, 
an  external rpring i r  anchored to the wire to provide tenaionr of 



50 to 150 pounds. The 0.026- inch music wire is encased in 3/16 
inch bronze corrugated flexible metal tubing to decouple it from the 
medium and to keep water orit of tht gage housing. 

Most of the gages of this type a r e  made by Sandia. Wire lengths 
of 25 to 50 ieet a r e  most commonly used. Three- and ten-turn 500-ohm 
potentiometers a r e  u ~ e d ,  with a 2-inch drum for the wire. The chief 
drawbacks of these gages a r e  the difficulty of adjusting both the spring 
tension and the potentiometer position, the high spring gradient, and 
the ease with which the potentiometer may be damaged if the wire and 
tubing a r e  overstretched during installation. The gage is limited to 
locations where the potentiometer may be manually adjusted after 
ins tallation. 

For  gages operating a t  greater spans, with displacements up to 
3 feet, the upper anchor end of a 0.060-inch stainless steel wire is 
anchored to the drum of a motor-driven winch in a canister a t  the 
bottom of the hole. These springs maintain an initial tension of 100 
to 130 pounds on the wire, and were designed to provide at least 60- 
pounds tension a t  the maximum displacement. Where the total 
displacement is 12 inches or  less,  the 2-inch drum-and-potentiometer 
assembly (previously described) has the 0.026-inch wire fastened to 
the 0.060- inch wire in the bottom canister. Where the displacement 
i s  more than 12 inches, a drum-and-potentiometer unit is used in 
which two turns of the 0.060-inch wire a r e  wrapped directly around 
the 3.86 - or 4.77-inch d.-ums, giving 12- or  15-inches displacement 
per turn of the shaft. 

This gage ie quite d.ificult to install, has poor mechanical reliability, 
deteriorates badly in the grouad and doer not reproduce high frequency 
componentrl of strain and displacement. However, it has been ured 
succerrfully in field tests. 

ACF h c .  and Sandia have modified the long-rpan wire gage. The 
renring element in the new gage urer  a light beam interrupter rather 
than a r o b r y  potentiometer. The new system ha8 a higher frequency 
rerponre and i r  easier to inrtall, but har a lower rhock tolerance. 

NON-FIXED REFERENCE VARIABLE DISPWCEMEKT. The 
direst, absolute mearuring method. a r e  impractical for moot dynamic 
merrurameatr of rtrain. Merrurament of differential displacement 
m a y  be accomplirhed by two methodr: 

1. A coupled ,train gage where the gage connects two p i n t r  
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2. An uncoupled strain gage with no physical connection 
between the gage points. 

UNM-AkWL Spool Coge 

The Spool  age* consists of two semi-rigid thin diocs, connected 
by a thin, sliding, hollow stem. T'le sensing element is either a 
linear variable differential transformer o r  a linear potentiometer. 
Relative movement between the discs i s  measured directly. 

In a study of the methods involved in relative diaplacement measure- 
ments in soil, Baker and Lynch (Reference 48), concluded that for 
accurate measurement a spool gage should incorporate the following 
features: 

1. The ratio of the area of the end plate to the cross-sectional 
area of Ihe coupling shaft ahould be at  least 60 

2. The shaft should be in a segmented configuration to carry no 
load and allow freedom of motion 

3. 'i'1.e lateral surface of the shaft should have a low coefficient 
of friction and less  than 5 percent of flexible material 

4. The gage should be quite short compared to the leng'h of 
an input pulse 

5 .  Data within increments of time smaller than thoee required 
to assume a nearly uniform strain state between end plates a r e  
not valid 

6. End plates ahould be rigid, a s  thin a s  poseible, and of low 
mass. 

The major problem with epool gager is their placement within the 
roil maaa in such a manner as to minimiae arching effects and impcd- .baoc 
mismatch caused by  the gage and by porsible voids in the backfill. 
In general, spool gages have poor accuracy and poor rcro!ution. It 
is almost impossible to conrtruct one that  i a  waterproof. 

* m e r e  i r  no commercial rnancfrcturer of thi t  gage. A number of 
laborrtotier have constructed modified verrionr of the gage Cree 
DASA 128S-j] ,  The gage derc ribed here i r  used by AF W L  and wao 
deriqri:d by W. J. Bakar, Univcreity of New Mexico (Reference 461, 
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rrrwcd+" t s  . 
In the"I&11 Coil Displacement Gage, the direct measurement of 

differential displacement, is between two gage points which a r e  not 
mechanically coupled (Figure 39). The gage points a r e  wire coils 
encapsulated in 3/4-inch diameter by 1116-inch thick discs embedded 
in the eoil, oriented to be parallel and concentric. A second se t  of 
coils is poditioned at a convenient lacaticn. The principle of operation 
is that of an a i r  core differeutial transformer witn a null balancing 
system to permit accurate measurements of small strains (Reference 49). 

In ope retion, the drive- coil circuit is  composed of a 50-kHz oscillator 
and drive-coil power amplifier. The pickup toils a r e  connected to an 
amplifier, which in turn is connected to a synchronous detector, filter, 
and meter. When the spacing of the two coil sets i s  different, a small 
differential voltage appears ai  the input of the amplifier. Once amplif~ed. 
the signal is the envelope of this high-frequency carrier.  The syn- 
chronous detector (a conventional ring demodulator) separates the 
envelope from the high-f requency carrier.  The demodulator output 
is zero when the car r ie r  input is zero or  nulled, and i s  either positive 
or negative in polarity when the two pickup coil voltages a r e  not equal. 
The polarity depends on which coil ha8 the larger  voltage, thereby 
indicating whether the coils embedded in the sample have moved closer 
together or farther apart. The response time of the gage, defined a s  
the time from 10 percent to 90 percent of peak output, was determined 
experimentally to be approximately 0.01 millisecond. 

There a r e  no mechanical cou~ling effects, a s  in the spool gage, but 
the output i s  to some degree senritive to lateral and rotational 
misalignment. 

IITRI has used coil6 up to 6 inches in diameter which aUow gage 
lengths up to 18 incher, and hence a r e  l e r r  vearitive to local die- 
continuities in large roil 8rnpler .  The ryrtem conrirtr of Wo rats  
of coils withr driver coil and a pickup coil in sack net. A 10-HZ 
oscillator 68 used to power the driver coilr. me p i c h p  coilr from 
each met a r e  combined in two a r m t  of a balanced reactance bridge. 
The relative dtaplacement between two coUr d one ret  merver to 
unbalance the bridge. The ampllhrde modulated r l g d  18 then demodu- 
lated to obtain a dc ri#nrf proportional to the relativa dlrphcameat 
between the two embedded coil@. A full-ecde output of 0. 3 vmltr 
(at nurimurn renritivlty) can repreaent 1.4 percent mkaln t the 18- 
inch uage rpln. The ctorr-.talk batwuea adjacent re t r  oi c o U ~  near 
eacb other i s  Iimltact to 1 percent when a commoa orcUatou t r  used 
and a reparation of nine coU diameterr ie maintained bbwaaa coil retr .  



DASA 1986 



Uh DERGROUND 

In the IITRI gage, waterproofing is not a problem and N W L  reports 
very good accuracy. Placement without disturbing the soil is still a 
problem, however. At present, the IITRI system is strictly a laboratory 
to1:11, still in the developmental stage. 

SILI' Soil Strain Cage 

The SRI-designed soil ;train gage (Figure 40) consiete of a long 
tube, whose ends a r e  securely fastened to the medium. The relative 
displacement of the ends i s  sensed by an LVDT attached to one end 
piece. The plunger, an armature,  i s  extended by a rod which varies 
in length, depending on the strain range for which the gage was de- 
signed. The LVDT displacement range was *0.25 cm, and strains 
of 0. c, to 4 ppk could be realized with gage lengths of 60 to 300 cm. 

INERTIAL DISPLACEMENT CAGES. Both Sandia and SRI have 
zonstructed gages using inertial principles. 

In two types of gages d e s i p e d  by Sandia, the relative motion 
between sensing mas8 and case io reduced by coup!ing the linearly 
moving sensing mass to a flywheel. This is accornpliahed by a 
rack-and-pinion gear in one g a p  and by a recirculating ball nut in 
the other. In the SRI gage, a pendulum geared to a flywheel act8 a s  
the inertial element. 

srrdirR.oLrrdPwollGmga 
In the Sandia Rack and Pinion Gage (Reference 35). a moving 

rack i r  fartened to a mare carried on a ball burhing which rollr on 
a rplined ahaft. The rignal output l o  generated by a rotary differential 
traneformer. The maximum displacement merrured i r  about 4 feet; 
the r i r e  time of the gage ic about 0. S recond, and the reneitivity of 
the gage i r  0.04 g. 
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The gage i s  housed in a 6-inch diameter sphere. A dc  motor ;rnd 
solenoid a r e  included in the case  to  permit   calibration a d  levelirLg of 
the inner cage after  grouting. 

The SRI gage (Reference 50) measureu either horizontal or  vert ical  
soil displacements of up to 36 inches fo r  time periods of 2 seconds, 
with a n  accuracy of about 1 inch. Angular deflection of a geared 
pendulum i s  sensed by an  E-shaped Wianclco variable reluctance sensor  
fastened to the gage case. The effective length of the pendulum, and 
therefore i t s  natural period, i!3 substan.tially increased by gearing it 
to a flywheel. The flywheel rotates through a n  angle of 15. 6 detgrees 
for 1 degree of rotation of the pendulurn, resulting in smal l  pendulum 
rn-tions for large  ear th  motions. This arrangement results  in the 
instrument having a long natural period, i. c., 3 to 5 seconds. A 
steel  vane attached to the pendulum shaff: passes  over the Wiancko 
core  and balances the irducta nces when the pendulum is  in its neutral 
position. The vane may be adjusted r o  that the elcctrlcal unba!ance 
of the coil var ies  linearly with pendulurn i~ngle. In the v e r t ~ c a l  com- 
ponent gage, the pendulum i ! 3  held in a horizontal position by a weak 
spring. 

A number of other concepts and n~ethods  have been investigated 
for s t ra in  and displacement measurement. They a r e  l isted in the SRI 
report, DASA 1285, Nucle2.r Ceoplosics. 

Two devices, although not today incorporated in soil s t ra in  or  dis-  
placement measuring gages, a r e  worthy of further study. 

The Kaman Radiation-Eardened Eddy-Current sensor,  d e t ~ c  ribed in 
the secticm on airblast  measuremente, i e  essentially a disp2acement 
measuring device. It can accuratc!ly measure  the distance between a 
20-turn sensing coil and iklmost any nletalllc surface. Ranges of f rom 
0-0.002 inch to 0-0.500 inch, wilh continuous resolution, a r e  available. 
Frequency response is about 100 kHz. The sensor  output 1s repeatable 
to within 0. 1 percent and l inear with 2 percent of full-scale output. 
The high impedance of this gage allows the use of relatively long cables 
between the sertsor and the recorder.  

Gulton I n d ~ e ~ t r i e s ,  Mehchen, New Jersey,  has  proporlad usintg flexible 
s t ra in  devices (which they manu:acture) to construct a trlirrxial s t r a in  
gage. The flexible elements, potted in RVT silicone rubber, c o d d  be 
mounted in almost any solid matrix. 

PERMANENT SUBSURFACE DISPLACEMENT. Slope indicrtorr  
and scra tch gasee, used in vert ical  cooed dri l l  holoa, can record the 



change in s?.ope, the peak transient displacement and the magnitude 
of permanent displacdment a s  a function of depth. 

Two me thods a r e  used; both a r e  standard well-logging procedures. 
One method uses a single, specially constructed tube or  casing. A 
slope indicator, called a mouse, which consists of a simple pendulum 
with electrical contacts for  determining the pendulum position, is 
lowered into the casing to define the slope of varioue sections of the 
cased hole 'both before and after the blast. The casing is constructed 
in such a manner that each 2-foot section can partially telescope to 
offset the efiecks of the ground motion. 

S d  Ccy:e 

In tht! other method, a second tube, coated with machinists ' bluing, 
is placed inside the casing and anchored to the bottom of the hole. A 
scribe on the casing responds to the ground motion marking the inner 
tube. After the test, the inner tube is rotated, so  a s  not to obscure the 
scribe marks of the transient motion, and removed to expose the 
record of peak transient displacement. 

These methods a r e  relatively cheap and reliable but a r e  poor in 
accuracy and, of course, give no time histories. The tube must 
survive the ground motions in order to produce data. 

Reference 51 records the use of these inetruments during an HE 
field test. 

Soil Particle Velocity 

Vertical and horizontal particle velocities a r e  measured directly 
with gages designed by SRI and by Sandia-modified SRI gages. 

The SRI Mark I vertical particle velocity gage (Reference 52) user 
a linear dilZerentir1 transformer a r  the sensing element (Fkure 41). 
A rolanoid in the gage holds the tranrformer core in r ratred poritian. 
The core is releaaed and allowed to fall under the influence of gravity 
in a highly viscoue oil. Thc motion of the core r;rrrr i s  oppored by 
flow of the oil arouhd the moving core. The cote  attain8 an  approxirmtely 
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F i p n  41. SRI Mark I v~kcltygap. 
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constant velocity for a fall  time of ahout 2 seconds with a total travel 
of 0 . 3  inches. The flowing oil exerts a force on the core that is pro- 
portional to the velocity of the mass relative to the case of the gage. 
This force i s  equal and opposite to the inertial force on the moving 
mass. The gages have a finite bandwidth over which displacement 
of the transducer in i ts case is proportional to the particle velocity. 
The. core release ie synchronized so that the ground shock (hopefully) 
a r r ives  a t  the gage while the core i s  falling a t  a uniform velocity and 
while sufficient fall time remains to measure the velocity. The response 
of the gage is within 5 percent f rom 0.2  to about 200 Hz. The maximum 
range is about 64 fps. 'This range can be increased by using a more 
viscous oil; however, this would decrease the gage sensitivity. 

The basic Mark I gage measures 1.2 inches in diameter and is 3 . 3 -  
inchca long (3. 0 x 8.2 cm). Normally, a mounting flange 2.  5 inches 
in diameter is attached to one end of the gage. 

The SRI horizontal gage uses the concept of an overdamped, low- 
natural frequency, pendulum accelerometer (Figure 42a). The maxi- 
mum range of measurement irr about 100 fpr. The rensor is the coil 
arsembly of a Wiancko variable reluctance element and a cantilevered 
m a r s  in the form of a pendulum. The pendulum ir flat in crosr-sec- 
tion and is surrounded with a heavy silicone oil to allow extreme 
damping. With the pendulum hanging vertically, the undamped natural 
frequency is about 5 Hs (thir varier somewhat between individual 
gages). When the pendulum is oil-damped, the frequency is lower due 
to the mass of the oil which moves with the pendulum. 

The deflecting coil arrembly, which (when energized) pullr the 
moving elements off- r c d e  to  one ride, rerver  reverai purpooer. 
Whem the gage i r  mounted far true horisonkl mearurernant, energin- 
ing m d  then r a l e a r + ~ g  thia coil provider a record from which the low- 
frequency time cmrtantr  miy be directly derived. When i t  i+ aecerrary 
to  m e a s ~ r e  at rome mgle  other tbern horinontal (up to 30 degreer from 
the horizontal), thia coil server to trigger the releare of t!!t moving 
el-sment in a farhion rimf3rr to that of the vertical gage. Finally, for 
field cslibratlon, the coil ir  anergized, the gAge i r  turned on Its ride, 
and a record is takea a s  Lhls coil I s  released. 



When positioned to measure vertical particle velocity, the coil 
of the horizontal gage described above is unable to lift the armature. 
SRI redesigned the gage to measure vertical motion by the addition 
of a weak spring which supports the pendulum in a neutral position 
(Figure 42b). This gage, called the Mark II, ha8 a greater flexibility 
than the Mark I but is -.nore susceptible to damage from severe shock. 

SRl Mark 111 

The Mark 111 Vertical Velocity Gage was developed by SRI especially 
for an HE test in limestone to meet the need for a gage with an increased 
frequency response (Figure 43). 

The plunger in Mark III is the armature in the LVDT, instead of being 
a separate part coupled to the transducer a s  in Mark I. This reduces 
the mass of the moving parts of t h e  gape. At the same time clearances 
a r e  smaller than in the similar Mark I gage to increase the viscous 
force, and the length and oil volume a r e  reduced to minimize false 
response to acceleration by compression of the oil. The gage is 
aperiodic, that is, no spring is provided to maintain it in the null 
position. A cocking coil is provided to lift the plunger to the top of its 
travel before the shot. Gage response is from 0 to >3000 Hz and 
measures velocities of 110 feetlsec. 

Like the Mark I, provision was made to release the plunger a t  a p r t -  
determined time before the shot so that the plunger would be falling 
during arrival of the signal. This feature produced much difficulty. 
The precise timing of the releaoe was a matter of considerable importance. 
Since the rate of fall of the plunger ie a function of the viscosity of 
the oil, which i r  temperature-dependent, release times had to be 
adjusted after the gager were in place and had come to thermal equilib- 
rium with the eurroundi~g rock. 

SrdloDX 
The Saadia DX i r  a modification of the SRI derign. The DX ir 

rpecifically derigned to extend the range of particle velocity measure- 
ments into the 300 fpr region and to withrtarrd rhock lord8 in excerr 
of 1200 g. Sandia rederigned the pendulum surpennion, the pendulum 
and the armature arsembly. They designed a sy r t tm  for fill1118 the 
gager with damping fluid (DC 200 rilicone oil) under vacuum to eliminate 
the porribility of a i r  mixing with the damping fluid and c a u r i n ~  
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changes to the damping ratio, and they used a flexible bellows to accom- 
modate temperature expansion of the damping fluid. Two models 
of the gage a r e  produced. One, with a brass  pendulum, is designed to 
measure velocities in the 0. 1- to 25-fps range, while the other, with 
an  aluminum pendulum, is for the range of 10 to 300 fps. 

However, there a r e  problems with the DX gage: 

1. With a 3-kHz carr ier ,  the maximum frequency. response is 
leas than 600 kHz 

2. The variable reluctance element can only be energized by an 
ac  system (AFWL considers this to be a disadvantage-Sandia 
does not) 

3. The mounting arrangement i s  poor, and a special housing is 
required, which increasee the size and weight of the gage system 

4. Any oil-damped gage is temperature-sensitive. 

Even with these limitations, AFWL reports that the DX i s  the beat 
available field gage. It is  very rugged and han produced reliable 
reeulte from field tests. 

At the request of the Air Force Weapons La.boratory, SRI redesigned 
their Mark I velocity gage to decrease its zire and weight and increase 

. frequency response (Reference 62). The gage measure8 velocity tran- 
sients f rom less  than 2 cmisec to above 600 cm/sec over a frequency 
range from 1 to 501) Ha. I t  s s n r s r  velocity along one axir only and 
is not affected by crosswise a~ce l~era t ions  up to a t  least 30 g. The 
sensitive axis may be horisontal or  vertical or  inclined, provided a 
small  external adjustment is nude  to counteract gravity. The gage 
i s  nearly a cube of about 5-cm edge length and weighs 375 gm. 

The gage works on the principle of a triahly cverdamptd mpring-mass 
ryrtem with itr  undamped natural fraquency at the geometric mean of 
it8 range. The relative dimplacement bstwaen masa and inatrumant 
care  i r  a direct mearure of the velocity of the cama. 

In the prerent model the maam conrirta of a chin rod murpended 
between two prrr l le l  cantilevered leaf rprings, as well am r damping 

. cup and the core of a LVDT which &re  rigidly attached to the rod. 'The 
cup slider with r radial clearance of abmt  0.04 rr.m over a statlonary 



piston and provldes viscous damping by shearing a viscous oil film 
between cup and piston. The LVDT, whose coils a r e  embedded in 
the stationary piston, recorda the relative motion between the piston 
and cup. 

The gage has been vibration-tested at frequencies f rom 0.25 to 1000 
H_t and appear8 to be flat irr the range 1 to 500 Ha, to within 5 percent. 
The ernalleat ve l~c i ty  it will sense is belaw i! cnl/aec, and the maximum 
velocity is above 600 cm/sec. An over rangc of a h o ~ t  50 ~ e r c e n t  is 
tolerated before the gage hits rigid stops, but the gage i s  nonlinear 
in the over-range region. The gag? appears to be unharmed by accelera- 
tions a s  high a s  40 g and p e r h a p ~  moWe, but its acceleration tolerance 
hae not been determined. 

Gage sensitivity is affected by temperature changes by about 1 percent 
per OF. The gage shows a tilt signal which, for a horizontal gage, is 
about 1.5 percent of full scale per degree af tilt. The gage i s  not 
affected by loads of up to 1,000 pounds on the case. It will withstand 
shocks of approximately 4,000 g along the sensitive axis and 1,000 g 
along the cross axis. 

Tests of the gage in soil iudicate that i ts  presence disturbed the 
motion field to the extent that the measured velocities may have been 
conriderably in e r ror ;  however, this same problem undoubte,!-. - e ~ r c t s  
with all  other velocity gage8 used in eoil. The rerultr  of titbse tests 
indicate the gage measures the input velocity of shock-lcut'ed soa:s to 
within about 10 percent, 

This verrion of the SRI velocity gage is probably easi&r ta use in 
the field than any of it6 pradecerrors. The squore cass n a y  be more 
carily mounted on a rurfrce than could the older round. pendulum-type 
gages. 

SRI cdculationr indicate that it may be posribla ro raise the upper 
limit of the frequency range to 2000 or 3000 Fi_s wi'hoirt arkrnelvs 
rederign. At the same time, the maximum velocity allowed w e l d  be 
increared f rom 600 to about 3000 cm/rec, % T I C  with .I car:.erpeoding 
drop in renrltivity. Converrely, an increare in uanritivity may ba 
achieved by weakening the rpringr. l h i a  could incrcara the stnritivity 
by am much a8 r factor of four ard loater the effective frequrncy range. 

The peak relative rerponre epcctrum ef a may-spring ryotarn pro- 
vider a useful rtructural dartan tool. A ohock apctxum io rimply a 
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gra$ bf geabdisplace-ment:, p.eak vel-ocity, sor pe& ac.wleratikin of 
a -s'e-spr&xtg m,sb@ plot?.& %gain&+ the eys:temie naturdfrequeaey 
far a spe-dfie fo~efng %neti~n. 

QTMB 8emigned a r%ed gag;e bur. anaIpeis ,of uibra%ioa abaerd @hips 
~ & c h  h e  %.ma adsptaa ts stioak wssur~en%&. @ wS1 not p f W W  a' 
ti-me, h%s-tory r& uadergrouod ebock but d8@es. proaide an enValValope of 
erpecaed maximum g r a d  me- 

TRW S ~ t e m a  pr&.ces Elre, d g  reed Ewe ourrestly ia use ia t i & %  
s%&.@it,., The =W z e d  gages %Bc6tpcrr+Ee a ?+umber of mz$rtse-13 on 
cantilever s p h g q ,  or re&, moun?%@ a tigS bqae (Figure a). 
The massPs gpring, eop~:ht .s  o$ the r e d s  are so derigaed fbat ~. ~ ~ 

f&ir natunal freqil~noiee .cover tba a w ~  batween 2 *nd 308 SZ. 
These ase twa $a@.e cefl&@i@&tl@n.s. wifu ge'riiewkuf different rargss 
of Lseqmaiee. .$el: bigher levels of groaild s b e k  &+ stWdWd gage 
rsnfiguration, wbi.& b'i rep nuwinal reed f,reqwencies: of 3, 1% a. 
40, 80, 129, 1'60, dOlb, 240, and 3,00 Hs* is used. Fee al,omew&at 
14~-P I-eir& of stQek, the modifi&a or Pw.-fraqwcy gaga e0txfi&S$*%eI3 , , .  .... 
&vinp; eight aominal Erequeades of%, 3, 5, $0, 20, 40, 80, a& $80 
st is as& 

Figura 44. TRW reed gage. 
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The masses ,  which move in one plane, have sc r ibe rs  in contact 
with a polished metal record plate. A thin layer of l amp black is  
d z p ~ s i t e d  on the record plate pr ior  to preshot installation, by smoking 
i t  wit11 a candle. When the gage base is  subjected to ground shock, 
the reeds vibrate and the scr ibers  record their maximum displace- 
ments on the record plate. After recovery of the record plates follow- 
ing the test, the displacements a r e  measured. These measurements 
a r e  converted to mass displacements by use of calibration factors 
which take into account such things as  the location of the scr iber  with 
respect  to the center of the mass ,  the fac t  that the mass  is distributed 
rather than a point mass ,  and slight variations in reeds due to manu- 
facturing tolerances. This then provides the frequency-displacement 
data used to plot the shock spectra. 

The gages may be positioned in such a manner a s  to record either 
vert ical  o r  horizontal ground motion. 

Time of Stress Arrival 

It was indicated on page 125 that some of the characterist ics of the 
shock wave in  soils and rock could be calculated f r o m  an accurate time- 
of-arrival  measurement. The measure of s t r e s s  a r r iva l  time a t  known 
locations may be rnade with the various gages and recording systems 
which have already been described; however, the cost  per  data channel 
i s  ve ry  high. 

AFU7L TA System 

The Research Division of the General American Transportation 
Corporation developeci a 100- channel inertial time-of-arrival. sys tern 
for AFWL to provide a low- cos t-per-  channel measuring system 
(Reference 53). 

In field operation a shock pulse associated with the dilatational and 
distortional waves tr iggers a tu r i ed  omnidirectional inertia-switch 
sensor and a pulse is sent  through high-level transmission lines. The 
switch closure i s  converted to a unidirectional standard pulse by a 
monos table single- shot multivibrator, This pulse energizes a neon 
glow tube on a display console. The total optical display consists cf 
a matr ix  of glow-tubes having a geometrical relation to the sensor 
locations. The glow tube output is photogrephed by a high-speed framing 
camera. Timing is obtained by Bsckman type 605A decade counting 
units on the console. 



UNDERGROUND 

A group of these sensors, distributed throughout the depth of vertical 
holes, yields the time history of the waves a t  a given distance from 
ground zero. By combining the data from a number of vertical arrays,  
a two-dimensional time history of the waves may be found. 

The sensors from each vertical a r ray  a r e  connected to a trans- 
mission cable through a junction box containing an E M  pulse overvoltage 
protection device. The system junction combines the two functions by 
utilizing a printed-circuit spark gap for both the connection of the sensor 
leads to the transmission cable and overvoltage protection. The 
electronic input circuitry requires only the overvoltage be held to 50 
to 100 volts. Thus, the printed-circuit gap and a conventional NE-2 
neon glow lamp across the input of the electronics a r e  sufficient. 

The sensor consists of a heavy mass in the form of a ball suspended 
on springs inside a light fluid-filled spherical shell. Changes in velocity 
or  acceleration of the shell result in relative displacements between 
the mass and the shell. When the relative displacement equals the 
clearance between the ball and the shell, contact is made, a circuit 
is  closed and the signal generated. Preliminary laboratory tests 
have indicated sensor closure r ise  times were less  than one microsecond. 

The response threshold of the sensor can be varied by changing 
the springs which support the mass, or by changing the viscosity of 
the damping oil, o r  both. Thresholds a s  low as  0.5 g and a s  high a s  
20 g may be obtained; thus, the system can record times of arrival of 
pulses of different magnitudes. 

The system may also record the arr ival  of different waves since 
the recovery time of the system is about 1 microsecond (somewhat 
higher for the 'stiffer gages). The indicator on the optical display 
is lighted for one multivibrator period each time the sensor i s  
activated, but a complete open-close-open cycle must be exhibited by 
the sensor or no further multivibrator action will occur. High- 
frequency ringing of the sensor will not result in more than one opera- 
tion of the multivibrator since the oscillations will occur during the 
dead time of the one-shot multivibrator (i. e., the time during which 
the glow-tube i s  lit). A low-frequency ringing may be identified by 
the repetitive pulre train and can be accounted for during data analysis. 

By ueing a quasi-digital display and high-level transmiasion lines, 
susceptibility to electron~agnetic disturbances uuch a8 the EM pulse 
ie materially reduced. Converting the data to pulsee giver more 



freedom f rom background and permits data gathering under conditions 
impossible for conventional analog sys tems. Since the time-of-arrival 
sensor operates a s  a switch sending a 12- or  24-volt signal to the 
system, the signal level is sufficiently high to overcome the back- 
ground noise which normally results in almost total signal obscuration 
in the case of conventional analog systems operating a t  millivolt 
levels. 

AFWL has reported only one difficulty using the system. In one 
test the sensors were pressure-grouted within deep emplacement 
holes. The grout, under pressure,  displaced the oil between the shell 
and the ball mass and immobilized the ball. 

AFWL believes that larger  systems with 200 or 400 channels could 
easily be made. This would further reduce the cost per data channel. 

ANCILLARY EQUIPMENT FOR UNDERGROUND MEASUREMENTS 

The usefulness of data obtained from instruments positioned under - 
ground i s  often aependent upon a precise location and orientation of 
the individual instruments. The following section, adapted from Sandia 
Corporation Report SC-M-65-330, by Ted B. Morse, (Reference 54) 
describes some of the instrumentation accessories and techniques 
Sandia has developed to assure that a sensing device is properly 
emplaced. 

h e m &  and 1-totion Shelter 

Instrumentation a r rays  a r e  frequently 20 to 35 feet long. I rans-  
portation and handling problems require that the various units of the 
a r r a y  be shipped separately and aseembled a t  the site. As many a s  
five or  six a r rays  may be required a t  one hole and all  must be ready 
to go down-hole a t  the eame time. 

Field experience neceeeitated the development of a transportable 
arrembly, checkout, and installation shelter with the fdlowing 
characterirtice: 

1. Skid-mounted eo a s  to be movable from ho1.c to hole by 
truck or  tractor 

2. High enough so that the whole a r r ay  could 5e aerernbltd and 
checked out both mechanically and electrically 

3. Removable end bracing so  that the ehelter could be skidded 



over the hole casing which may extend 2 to 3 faet above the 
ground surface 

4, Protection from the weather 

5. A cable trough on the roof so  the cables from the reels could 
be inspected for mechanical damage a s  they a r e  fed vertically 
down-hole; also a provision for snubbing the cables 

6. Safe working platforms a t  convenient heights over the hole 

7, Light and power outlets 

8. Exhaust fans 

9. A monorail and chain hoist for each array 

10. Movable work benches. 

As the arrays a r e  lowered, an pbserver on the roof monitors the 
dynamometer and footsge counter. Another observer inspects the cable 
jackets a s  they pass over the roof. Tension in the cables is maintained 
by a workman braking each reel to maintain an appropriate sag between 
the shelter and reel. 

Recent installations have ueed balanced-torque cable which has a 
twist of less  than 10 degreer per hundred feet under load. Ordinary 
cable may twist several hundred degreer under similar conditions. 

After the arrays have been lowered to the desired depths, a tie-off 
stand is  placed over the hole with the hoist cable clamped to it, and the 
instrument cables a re  supported from it with Kellum cable grips. A 
3- or 4-foot steel sawhorse is satisfactory. 

The shelter may or may not be skidded away from the hole before 
the grouting i r  done. 

. A typical iartallation i r  a 12 X 24 X 20-foot high shelter with an I- 
beam or 6 X 6 timber framework and plywood or  crnvar sider, A 
4 X 4-foot hole in the roof i~ provided about 6 feet from one end for the 
rteel merrenger cable, inrtrument cabler, and grout hoaer, Alma m e  
edgt, a rheet-metal trough (3-foot radius) prwidter a rnubbar and guide 
for the cabler. At the far end, 2-foot diameter wooden rheaver guide 
each cable from itr reel which is  placed on the ground, 50 to 100 
feet from the shelter. 
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Inside, two platforms over the hole provide a safe working area. 
A trap door permits the arrays to be moved w e r  the hole on the 
monorail while still allowin8 walking space all  around the array. 

After all sensor arrays a r e  ready, a crane is positioned w e r  the 
hole in the roof. The steel messenger cable is  wound on the drum of 
the crane. The side of the shelter is removed so  the operator can 
see the workers around the hole casing and receive their signale. 

Lead ballast weights, connected to the steel line by means of two 
small steel plates, a re  lowered into the hole until a 1-inch bar placed 
through the center rests on the top of the casing. This bar supports 
the weights while the cable is disconnected and the array (from the 
monorail) transferred to the steel line and bolted to the top holes of 
the steel plate. The grout hoses and instrument cables a re  clamped 
and taped to the steel cable a s  it is  lowered into the hole. (Power 
wrenches a re  used for attaching the clamps to the cable. ) 

Very few end instruments a r e  designed to be buried directly in soil 
o r  grout; hence, they must be protected from the elements. At the 
same time, they must be well-coupled to the earth or environment 
they a re  to measure. Instrument canisters in deep holer may be 
subjected to high hydraulic pressure8 caused by the head af water 
and grout when they a re  installed. 

Aluminum tubing has proven to be a satisfactory material for 
canisterr, since the sonic velocity nearly matches that of many 
sur rounding media, and its high damping coefficient reducer ringing 
when subjected to rhocks. In early testa, accelerometerr were 
mounted on blockr or  angles bolted to the canirter. As the inrtrument 
ranger were increared, these had a terdency to riag or  deflect. 

More recently, an aluminum tube is machined with 8 2-degree 
(per ride) internal taper on each end, leaving about 112- inch aluminum 
thicknerr. Matching tapered rolid plugr have holer bored for the 
variour accelerometer8 and velocity gages tn the proper relative 
orientation8 in rerpect to locating pin8 and grower  in the plugr and 
rhell. After the gage8 a re  inrtalled in the plugr 8ad wired, the two 
plugr a re  inrerted and wedged together in the taperr by tightening 
two 318-inch boltr. The plugr may include a tilt mechanirm for the 
velocity aager. 

Some difficulty wa8 experienced in firhing through the wirer from 
the lower plug during final arsembly, r o  the h t e r t  derign h a m  jurt one 
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plug. An increase of 1 inch in diameter and 2 inches in the length of 
the plug permit the installation of all the gages in it. This change 
decreased the overall length of the canister by several inches. 

For locations where only one or two gages are  required, solid 
aluminum blocks a re  machined to provide space for the gages and 
accessories. A 1/2- to 1-inch cover is  bolted over the assembly. 

Sealing to exclude deep hole water is  a problem in buried canisters. 
Covers can be sealed with 0- rings if the tolerances of mating parts 
a r e  maintained and the proper O-ring diameters are  used for the 
working pressure expected. Covers with a 1 /4- to 1 /2-inch step 
to guide them into the canister tube, and with 0.005- to 0.0010- inch 
radial clearance and an O-ring groove to give axial compression as 
the cover bolts a re  tightened, have withstood 4000- to 5000-psi 
external pressure, provided the O-ring grooves a re  made according 
to the manufacturer's recommendations as to proportions and surface 
finishes. 

Radial compression designs (piston- ring style) were tried, but 
were ruled out because of the difficulties of assembly and removal, 
the eare of damaging the 0-ringe and mating surfacee on assembly, 
and the very cloee radial tolerances required of the parta. The 
some troubles were encountered with the 45-degree corner O-ring 
derigns. Both typee had a tendency for the O-ring to extrude into 
the crack under high prereurer. 

Sealing of cable entrance8 ha8 required the development of rpecial 
high-prerrure cables and connectors. The baeic sealing element ir 
a neoprene 0- ring clamped in axial comprers ion. (See the rection 
on Recorderr for cable termination methods. ) 

The iarkllation of gage canirterr near the surface doer not present 
a great problem. In general, there a r e  within 10 feet of the normal 
ground rurface and a r e  inrklled in open cutr. 

The latent rtyle Sandia surface canirterr have an 8- to 10-inch 
rpike in the bottom and a 2- to 4-foot rod or handle on the top, 
An index rrurkon the cars  ir ortented toward ground rero. The 



spike Is driven into the undisturbed earth, and the top rod is manipulated 
am the grout ir  poured (or a s  the earth is tamped) around the canister, 
to maintain the gage's level. 

In canirtcrr containing a pendulum-type velocity gage, the gage 
itrelf is monitored and used a s  the level indicator. In other cases, 
rpirit levels a re  ured on the rod extending from the top of the canilrter. 

In holer from 10 to 150 feet deep, where the canisters a re  not readily 
accereible, reveral other means a re  employed. In general, spring 
spiders a r e  included in the array to keep the canister centered in the 
hole so  that the grout can flow completely around it. If the canister 
is to be turned after insertion, the spiders a re  free whezling. If the 
canister doer not have to be turned, or i f  it contains a mechanirm to 
rotate another canister, the spider grips the walls to resist the torque. 

The actual insertion is done with rigid rods. If the presence of a 
rod o r  pipe will not perturb the medium and influence the records, 
thin-wall conduit from 1 / 2  to 2-1 12 inches in diameter is  fastened 
to the canister and grouted into the hole. (Thie conduit may also 
contain the instrument cables and serve aa some mechanical protection 
for them. ) 

If it is  felt that such a tube would perturb the medium, the rods 
must be removed before the grout seta. Originally, 20-foot sections 
of 1 - 1 12-inch- square aluminum tubing were coupled and bolted together, 
and ured to push the canister into the hole and to rotate it. After the 
grout was pumped in, and before it started to set, a locking mechanism 
(Bal Lok) was actuated by a cable running inaide the tubing This 
disconnected the rode from tha canirter without disturbing .ts porition, 
and the rods were withdrawn. 

Conriderable time war rpent in coupling and uncoupling the rodr. 
The 20-foot length6 were difficult to maneuver in cramped under- 
ground tunnelr and they were quite rurceptible to damage. Handling 
and storage were also problemr, Sandia developed a pin and tongue- 
and-groove quick-disconnec t coupling of I - inch ( 1 18- inch wall) aluminum 
tubing in 5-foot (i0. I-inch) rectionr usbq a Bal Lok disconnect on the 
lead rod, The pull wire war permanently threaded through all the 
rodr, which wore kept in a partitioned c r r ryhg  care to prevent kngling 
of the pull wire. 

In ure, the f i r r t  rod with the locking unit ts fartened :a the canirter 
m d  purhed into the hnle r o  the trailing end protruder a few iacher. 
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The next section is  coupled to it  by holding the latter at right angles to 
the first  rod, pushing the two sections together (being guided by the 
pin and tongue-and-groove), and straightening the rod to be in line with 
the f irs t  rod. It is then pushed into the hole, and the process repeated. 

The distance the canister i s  pushed into the hole is  measured by 
counting the number of 5-foot sections used. The rods and couplings 
a re  rigid enough so  the canister can be accurately located longitudinally 
and can aleo be rotated. Thirty rods a r e  in a set, giving a working 
distance of 150 feet. The carrying case is  4 X 24 X 64 inches, and 
can readily be carried by two men. 

In vertical holes, compass units (described below) a r e  generally 
used to determine the azimuth orientation. If the holes a r e  large 
and the depth shallow, the compass unit may be omitted and a stripe 
on the canister top, illuminated by a lamp, may yield sufficient accuracy 
for orienting the canister. In other cases, two lamps on the top of 
the canister have been surveyed-in with a transit at the surface. 

In horizontal holer, visual methods (stripe on the can), electrolytic 
potentiometers, contact-making pendulusne, or  the gages themselver 
have been used to indicate when the canirter was properly positioned. 

Some inertial inrtruments, such a s  the mechanical dirplacement 
gage and the pendulum velocity gage, which depend upon gravity to 
null them, require rather precire leveling after they a r e  installed in 
the earth. 

TLe doub?e-integrating mechanical dirplacement gage conrirtr of 
a f r ee  m a r  on a guide rhaft which must be maintained level within f 5  
minuter. A motor-driven worm-and-gear oector tilt8 the frame rup- 
porting the gage proper, after the canister ham been tamped or  grouted 
krta place. An electrolytic potentiometer level (Hamlin Model EP 10- l2), 
mounted on the page proper, i r  umed to indicate when the gage frame 
ir lover* 

Pedulum- type velocity gage8 have an operatine range of f 5 degreem 
from true vertical. To cover a r e a r o ~ b l e  r p a ,  the pendulum rbould 
be aeraed within f A14 degree of the center pomition, Thin can only be 
done by leveling the inrtrument care. Velocity eager on the ground 
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rurface are  leveled manually a s  they a re  tamped or grouted into 
position. 

Since deep-drilled holes can vary 2 or 3 degrees from the vertical, 
some means must be incorporated in the inetrument canister to level 
the gage after the grout has set. 

The first  leveling device consisted of. a eolid block in which the 
velocity gage was mounted, and which was tilted by a motor-driven 
worm and gear. A few preliminary tests showed that the gear backlaeh 
introduced excessive play when the unit wae shocked. 

The second version consisted of pivoting the gage and block through 
the center of gravity and using a motor-driven screw to compress an 
opposing spring to about 200 pounds force. These forces, reacting 
through spring-loaded (300 pounds) ball pivots on the block, provided a 
gage mount capable of transmitting 100 g to the gage, with very little 
distortion in the sensitive axis. 

fn order to porition a gage canirter in a vertical hole a t  known azimuth, 
some fixed reference is necessary. Gyroscopic compasrer were first  
considered, but the cost per unit and the drift over a period of hourr, 
maker then1 unattractive for thin application. In addition, it is often 
derirable to check the orientation of the unit months after the inatallation. 
Variour radio comparr devices were considered, but the power and 
electronicr required became rather excelrive. Magnetic comparrer 
were the rearonable answer. 

Sandia cone tructed a 1 - 1 14- inch comparr card with a 0.028-inch 
hole drilled 0.475 inch from it8 center. A light source above the 
card i l l u m b t e r  a photodiode below the card when the hole ir in 
alignment. Thir arrembled rection ia placed In a cage on a rhaft r o  
that it can be rotated by a motor in the top rectlon of the canirter. 
Geared to the cage-rhdt i r  a 10,000-ahm,lO-turn potentiometer for 
indicating the porition of the light-and-diode with rerpect to the ua i r t e r .  

The early-modal canirterr conrirted of revatal machined rect imr 
welded and bdted together. All jaintr were potential rourcer of leak# 
When rubmerged. Extenrive prerrure tertr of 0- ring cd igura t ioa r  
developed a canlrter in which the se were only two porsible rourcer of 
leakr, i. s., at  the cap and a t  the cabla entrance. Later developmmntr 



UNOERGR WND 185 

combined the instrument canister and the compass canister, thereby 
eliminating the cable entrance as a posrible leak. 

The first models contained two sets of carbon-zinc batteries, two 
relays, and miscellaneous hardware, including a slip-clutch. Zinc- 
carbon batteries, operable to 100°F, are useless in deep holes with 
high temperatures. However, mercury batterier are usable to 185.F. 
The slip-clutch and mechanical stop8 required considerable machining 
and were replaced by pins in the potentiometer-gcar a d  small micro- 
switches. The switches also indicate when the compass-cage has ! 
reached the end of the travel. Magnetically rhielded permanent nugnet 
motors are used for ease of reversibility over a single pair of wirer. 
The limit switches are shunted by diodes to reverse the motors when 
the limit has been reached. 

In the control box, two independent 28-volt dc power supplier are 
included, one for the motor control and the other for the potentiometer 
bridge circuit or the photodiode circuit. A zero center 100-micro- 
amperes meter serves as a galvanometer and an indicator for the 
photodiode circuit. Two diodes, back- to-back, control the galvanometer 
sensitivity and avoid pegging the meter. A single two-position switch 
changer all circuit8 to either function. One two-gang, 200-ohm 
potentiometer in each lead of the liner to the compasr unit below corn- 
pensater for line resistance in the bridge circuit. Al l  controls are w e r  
five conductorr, one of which may be the rhield of a four-conductor 
cable, 

Practically a11 of Sandia'r work has been in media (soilr, granite, 
rdt, m d  alluvium) which are relatively free from magaetic materials 
of pocketr. Experience by oil-field-logging companies ha8 indicated 
that there is relatively little change in the direction of the earth'r 
magnetic field from the surface to severd thourand feet down. What- 
aver error exirto is amall compared to the accuracy required for thir 
work. 

Hawever, if steel cables are ured to rurpend the ballart or weight 
b s l w  the inrtrument arrayr, the rpuriwr mageetiam of the rteel 
cabler would affect the comparr nad cauure unpredictable error,. 
Therefore, it i r  the practice t~ ure phorphor bronre a b l e r  of 112- 
or 3/4=.Lach diameter when the array ir to be byparsad. Orighlly, 
t r o  cables were urcrd, but it was found that there war a tendency for 
the cabler to twist around the array and to bind the canirters when ur 
effort war m8ds to rot8te them. 



Three types of devices have been ueed for rotating the inetrument- 
and-compase canirtar assemblies. 

The first unit used consisted of a Bodine KC-22 1 15-volt, 60- cycle, 
condenrer-run, induction motor (0.001 hp, 0.9 rpm) stepped down 
through a 1:3 gear ratio to drive a shaft from which the i lstrument- 
compass asrembly was suspended. A slip-clutch and mechanical 
atop permitted 370 degrees of rotation. The output torque was about 
20 ft-lbr. Spring fingers on the outside of the canieter prevented 
rotation of thir unit in the hole. Gear trouble led to the development 
of a sturdier aesembly. 

The second-generation rotating unit consisted of a Borg 11 -watt, 
4.7-rpm, 15-inch-ounce torque, 115-volt, 60-cycle, condenser-run 
induction motor driving a planetary reduction gear and an output shaft 
having a torque output in excess of 50 ft-lbs. 

Both these designs used motors whose output torques were voltage- 
renritive and which required three conductors for operation. A4 holes 
became deeper, botb these factors became under irable. 

The third verrion of the rotator adopts a Globe Industries 11 5-volt, 
1/30 hp, dc permanent-magnet motor with 8 5700: 1 integral gear box, 
requiriq only two conductor8 for bidirectional operation and whore 
torque ir  proportional to current (which can be monitored from the 
control box at  the ground rurface). 

& part operationr, difficultier were experienced with the canirter 
rticking and the rpringr dipping, beading, and taking a pzrmaaant 
rat, thereby imparting erratic motion to the inrtrumunt and cwnpaer 
a n i r k r e  a r  they were rotated. To overcome there difficultlar, 8 

rcirror jack and motor were addsd to the rotati- cmirtar to lock it 
more effectively to the h d e  ~ 8 U 8  to ceuatrrrct the torque oE the 
rotating m a c b i r m r .  However, the jacking rnechanirm recently war 
l oud  to be unn4cerrary oa long r t r l q r  whars the balkrt  (lead wtightr) 
exceeded 1000 pounds; coor,quently, it war elimiacrted, urd the 
u n i a k r  wao rbortoaod appreciably. 

When an tnotrument array la behg lowered into l drilled hole, it 
i r  derlrable to comtiauourly monitor botb h e  leagth of uble  LnskUed 
urd the totd weight on the cable, The length d cable harkallad 



UNDBIGROUND 

indicates the elevation of the instrument array with respect to tLr 
shot elevation. The weight on the twist cable is an indtx ta the 
smoothness and alignment US the hole, blockages, or the Seight of 
water in the hole. Etratic . - .  irs may indicate opalling of sufficient 
severity to j ~ s t i ! ?  removal a&,. :ispecticn of the array for possible 
damagc or to bail out tb. 1 :r:. r a  in the hole. 

Some drill hoists include a tension indicator but these are not 
always readily accessible. The rensitivity of these indicator8 often 
leaves something to be desired. 

A clamp-on, three- sheave dynamometer war developea to monitor 
the cable tension and the footage. This unit may be located anywhere 
on the cable that is convenient. A Dillon 5000-pound dynamometer 
measures the force on the center sheave. The assembly may be 
calibrated statically with any known weight or force. The range of 
the instrument m a y  be varied by changing the spacer on the take-up 
rod which is removed when the dynamometer ir installed around 
the cable. 

The lower-sheave shaft operates a bi-directional revolution counter. 
The diametes of tbir sheave is such that its effective circumference 
ia enct lg  2 feet when uoed with 314-inch ateel cable. Calibration i s  
effected by m o v h  the dynamometer a known dtrtance along a cable 
atretched dang the ground under 8 tenrioa approximating the average 
load to be expected. Accuracier achieved in the field have been bettar 
th8a 20 percent on inskilation and remo~ai. Some error was probably 
dua to stretching of the cabla under lmd. 

In hdah *re s w i n g  is severe, it 10 deoirable to know whether 
&a I!~bris  baa riran in ths boeorn of the hole ruiiicieatly to prevent 
1cr;z.ruhg the srpay to the deoired depth. 

A wahxproof touch-darn Micator w.8 developed to indicate when 
a d ~ & W ~ m  m# reached. It conolots oJ a canister (of the array 
d t - b r )  attached to the bottom of the laad weight through- rod by 
rrwrar d a co@ia# ud p l t q e r  rod. The p l a y e r  rod Ir orlled 
wlth 0-rhgr ud mpritq-loaded to 300- or 400-pound force with 
automobUe valve opringr. 



When an obstruction ir encountered, the rpring ir further comprerrcd 
and the plunger rdl operatea a microrwitch to give a rignal a t  the our- 
face. 

The heavy spring preloading prevents operation of the switch by 
hydrostatic pressure (when there i s  water in the hole) o r  by minor 
obstructions which fall away. 

b a d  Weight &rUort 

Since the canister assemblies a r e  hollow, their effective densities 
a r e  often less  than 1. 0; hence, they would float if water were in the 
hole. When grout with a density of 2 to 3 is introduced, most 
canisters definitely would float, or  the tension in the a r ray  would be 
insufficient to maintain the a r r ay  in a vertical position. It i s  therefore 
necessary to add weights to the bottom of the a r rays  to maintain tension 
in the hoist cables under all conditions. 

Originally, lead slugs of the required weight were cast in one piece, 
but because of handling problems the lead slugs were redesigned into 
4-foot units of 600 to 700 pounds each which a r e  coupled together to 
obtain the total weight required. Handling problems a r e  greatly 
simplified. 



SECTION 5 

UNDERWATER MEASUREMENT SYSTEMS 



SECTION 5 

UNDERWATER MEASUREMENT SYSTEMS 

There are no fundamental innovations recently developed for ure 
in underwater shock research. Thia is  because fundamental meas- 
urement ideas developed ten to twenty years ago appear to be adequate 
for today's measurement objectives. Advances are  being made by 
using modern solid-state techniques to increase reliability and flexi- 
bility of instrumentation. Adaptation to the deep ocean environment 
with its tremendous hydrostatic pressure is  being successfully made. 

Two distinct types of underwater preaeure measurements a re  dia- 
curred here. One ie a determination of the phenomena directly 
aeeociated with the rhock and bubble pulre produced by an underwater 
explorion, or  by the water loading from an air  or  underground shock, 
and the other ie mearurement of the surface wave motion produced by 
the explorion. The prerrurer reprerented by there two mearurements 
are aeveral orderr of magnitude apart. It i s  difficult to design a gage 
which will withatand the firet and rtill meaaure the recond. 

The ahock pulre from an underwater burnt i n  much greater than 
that obaerved at an equal diatance from an equal-yield burnt in a i r  o r  
underground. The pulre alro rhowa a more rapid decay. Thua, all  
electronic inatrumentr ured underwater ahould have the faat reaponre 
chracteriat icr  t h t  a r e  required of a i r  o r  underground inrtnrmenta- 
tion, o l y  clore to the detonation. 

Prearure me8curem.ata of the initial ahock urd the bubble puha- 
tiom a r e  generally performed. In additioa to peak preraure, a mear- 
ure of the time-ab-arrival of the wriaur dlrect and reflected rhocka, 
the poaitive duntion, the total poritive impule urd the energy flux 
a t e  derirablh Metirurerneat d nyat ive  imprlae i n  irnportaat for  
rome atudiea, but it i n  u r U y  an item of minor interert which t o b  
U s d  only if it doer not interfere witb the other mo&our.mat. 



Ball crusher gages, diaphragm gages, and other mechanical gages 
have been extensively used in underwater work. Since most mechani- 
cal  systems do not supply a time history of the shock, but merely a 
measure of the peak pressure o r  energy of the wave, they a re  usually 
employed today only a s  back-up instrumentation. 

A Ball Crusher Gage consists of a steel piston, a soft metal ball 
and a steel anvil. One end of the piston ie in contact with a copper 
sphere which rests  on the anvil; the other end of the piston is exposed 
to the shock wave, The amount of deformation of the ball i s  propor- 
tional to the shock impulse. The response of the gage up to the time 
of maximum deformation i s  equivalent to that of a mass-spring sye- 
tem subjected to a force applied to the mass; the motion of the pieton 
can be described by the differential equation of a linear oscillator. 
In order to integrate this equation to determine the maximum pressure, 
it ie necessary to know the shape of the preseure-time curve. 

The NOL Ball Crueher Gage i s  a representative inrtrument. It 
ba r  either a 5132- n r  a 318-inch copper sphere a r  the deforming ele- 
ment and can mearure prersurer  from 300 to 1,500 and 700 to 6,000 
poi, rerpectively (Reference 55). 

Modificationr of the NOL gage were made before the 1958 Hardtack 
nuclear t e r t r  in order to waterproof the gage. Experience with the 
ryrtem bad indicated that the origiaal gage would leak after a few 
hourr a t  rather moderate depth#, and would leak almort immediately 
a t  depthr greater than 100 feet. Water inride the gager caurer  a low, 
errat ic  terponre. Waterproofing ir obtained by O-ring real8 oa all 
rcrew joint8 and a rubber diaphragm o w r  the pirton. NOL reported 
aaccerr with thir ryatern to  500 feet, the mucimum depth they 
inrtrumented. 

NOL baa experimented with relf-contained mech8aicrl ryrtemr 
which produce prerrure-time data, In the b r t  ryatern modified by 
W E 8  for are in a m c h r  tert (1958), the ahock prearure p\rlme entered 
a dunpia( orifice urd bad-ia tube, cawing rot.tioa of a WLurcko 
t d o t e d  bowdon tube p t e r r a re  menring element. A diunand-tipped 
atyhrr faatenod to the renrimg element acribed 8 prerrure-time trace 



on a rotating, coated-glaea drum which war driven by a rprinl- 
powered clock motor acti; atsd by an explorive escapement releare 
level. The amplitude of the rcribed mark was linearly proportional 
to the pressure. Timing marks were produced by a reparate electro- 
magnetically driven stylus. Tile response time of the ryrtem war 
0.3 milliseconds and prersure ranger from 50 to 3,000 psi were 
available (Reference 55). 

This inrtrument i s  remarkably similar to the BRL mechanical 
airblast system which was in use in 1958. * The newer BRL system, 
with its more reliable drive and timing mechanirm, i s  waterproof 
and could,be used under water; however, the maximum range of 
3,000 psi and a rise time of 0.2 to 0.5 milliseconds in the BRL sys- 
tem offer no measurement improvement over the older NOL gage. 
The shock resistance of the mechanism is  not known. 

Electronic System 

One of the major disadvantages of mechanical systems, even those 
which record time histories, ie that they must be recovered in order 
to provide a mearurement. This restriction does not apply to elec- 
trical rystemr where the signal may be transmitted to a rafe recording 
location. 

NOGWfudo 
Attempt8 have been made, with va ry iq  degree8 of ruccerr, to 

.-. . -+a encare m a i r b h r t  gage in a waterproof houring to adapt airblart 
rearorr  for underwater work. NOL (Reference 55) has urad a 
Wimcko P-9- 1005 renror with a Hartley orcillator (modified to 
increare the bare frequency to 25 Hs) within a ball-like waterproof 
care. Thir ryrtem mearured overprerrurer of from 300 to 3,500 
poi ut 1,000 feet below the water ourface. A cable ir ured to deliver 
power from a surface rtation to the orcillator d to tranrmit the FM 
m i p d  to tea recorder on th. rurface. 

*la fact, lo*r ruye BRL g y e r  ware modified by Scrippr Institute 
of Oceanography for urn in rhallow-water wave mear\rrement (Refer- 
ence 56). A c a m p b t  b W e e  on &e ocean floor, coaaected to the 
rurfaco rtrpported by a hore, war prorrurinod with air  mtiJ the 
bladder began to fill. The air volume c b u y e  caured by the bladder 
e r p . n r h  contrwtiaa in rmrpoare to rave prerrure ru recorded 
by the BRL gage. 



The atmulard piosoebctrk rearing elotnantr u u d  today a re  taPr- 
maline .ad rome of the ferroceramic elamentr. Toomaline ir pre- 
ferred becaure it ir  renritiw to hydrortrtic prerrure, .ad thu8 no 
mechanical protection i r  required to inrure that rtraia actr h a parti- 
cular direction. Any such protective housing increarer the effective 
rise of the gage which is  a dirtinct diradvantage for an underwater gage 
because of the rapid decay of the underwater pulre. A8 rbown in 
Figure 45, the rmaller the gage, the more nearly the gage output will 
follow the applied dynamic pres rure. It L the urual practice to use 
the smallest gage porrible in order to reduce thin crorring error.  It 
must be noted, however, that for nuclear detonationr, the duration of 
the shock waves are long enough so that the crorring e r ro r  becomes 
negligible and easily corrected. 

/ TRUE PfAK Of THE 
FORCING FUNCTION 

I \ 

FIgun 45. Crorrtrp+hno em.  
T A C l g r r  

The tourmaline gage8 ured by NOL, WES, rad DTMB are prepared 
by C r y r t j  Rerearch Company, Cambrid#e, Mur.ch\uettr. Table 1 1 
lir t r  the output rerponee of variour rirer of tourm.liw gag.8; 811 
conrirt of 8 pile of four plater. 



Waterproofing ir a problem with tbe tourmaline g y e c  and their 
cable connectionr. NOL hac attempted a number of different methodr- 
lacquer, rilicone rubber-but alwayr comer back to one sf the f i r r t  
metbsdr ured, that of coating the gage with a special w u  mixture. 
There may be some impedance mismatch between the water and the 
wax but this is entirely negligible. 

NOL has tested rome of the lead airconate titanate gages commer- 
cially available from Atlantic Re search Corporation. The manufact- 
urer reports that pressure8 up to 10,000 psi can be meaeured with 
some models, and a variety of frequency responses, rise times, and 
direction sensitivities are  available. Most of the gages a re  water- 
proofed with a bonded neoprene rubber sheath covering the sensor and 
a monel mounting sleeve which connects to the transmiseion cable. 
For shock wave pressures of-.a few hundred psi or  greater, IQOL found 
these gages failed to yield reliable results, and failed readily when 
subjected to underwater shock. At very low prerrures-a few psi- 
these gager may provide usable data. 

P a C e V ~ R a v c d a e r  
WES har recently reported ruccers using Pace Engineering Com- 

pany Model P24A electronic water prerrure gager (Reference 58). 
In thir goae, a flurh rtainlerr-steel diaphragm mover a rmall mar8 
whore motion i r  renred by a variable reluctance renror. Ranger of 
0 to 200 and 0 to 500 pri  a re  available witb natural frequencies from 
30 to 35 kHs. 

SHOCK WAVE TIME OF ARRIVAL 

OonEcr- 
Both prerrore rwitcher and the SLIFER, o r  Doppbr, ryrtom 

(dercribed in the rectioa on Uadetgmml Warnring fvrtemr) have 
bem o e d  to obtain the-of-arrival data. The prerrure @witch ir 
e r r e n t i d y  r cruahabk recrioa of o c o u W  cabb. A rmdl brace 
cyllndor 1/1 inch ia diameter and 1 /2 iach in lo@ L @ r o d a d  elec- 
trically to the outer rheath of a coui.1 cabb. A central rod, which 
ir an extearion of th* central conductor of tftr c d l  cab%, ir inru- 
htd by air from dre outer care. A rhotk ateatet than 4,500 pei 
crurhor the care (ia lrrr tban 1 mlcroucoad) fotmfnl an eiottric 



rhort in the cable. A pula. generator coder h e  rigaalr for t r m r -  
mirrion and recording. The main problem in a field tar t  (Refer- 
ence 58) war waterproofing. The ure of air-dielectric cable, in a 
SLIFER syrtem rhould end moat of the waterproofiq problemr (a  
rolid dielectric coaxial cable would not be rurceptiblt to water leak- 
age, but would mearure only prerrurer above 10 kb). 

Some of the gages developed for very high-prerrure underground 
mearurementr could easily be adapted for high-prerrure underwater 
work. Of particular interert i r  the IITRI electolytic cell which is 
not directionally renritive and responds to rhocks from 5 to 350 kb, 
and the manganin wire gager developed by SRI and Sandia. 

WAVE MEASUREMENT 

Mearurementr of low-frequency, water waver involve determination 
of the height of the crest above rtill-water level, the depth of the 
trough, and the rurface velocity of the wave train. There is  alro a 
requirement to determine the dirtance of wave run-up on the shore. 

Mech icc l l  System 

Mechanical relf-recordhg,prerrure-time gager,normally ured for 
rhock prerrure mearurementamay be poritionec! in ahallow water to 
record the prerrure change due to the parrags of rurface waver (ree 
page 191). Both modified BRL mechanic&: gager and bourdon tube- 
driven r tylw gages have been ured (Reference 56). 

The muimum wave amplitude can be determined by noting the 
high water mark oa a var tka l  port o r  pole. U d y  thir mearorement 
i m  m d e  by attub- e m d l  capr on the pole .t known beigbta rod 
determlriag if rater ir in the cup. after the p u r a ~ e  of the warn. 
Similarly, open crnr  have been buried fluah with the r d  rurf.ce om 
8 ha& at wattoor diotancer from the rater, The prereace or absence 
of water in the cut ir 8 meamre of wave run-up. 

The dolute m o t h  of a that oa tbr water rprlace may b. pheto- 
8rrgh.d Itoar a fiPrrd lud rt.tiolr. The Ib.t  motion Is ?elat& to the 



motion of the r a v e  parrinq beneath. Accurate ekvaaioa-verrrri-tlrs# 
cur= derived from the photographs give data om wave perition, 
period, and hei~ht .  

wEsCrirkwrdc.or 
A more quantitative mearure may ba obtained by a photographic 

recording of the wave prrrrge agakrrt a fixed marked rtaff o r  a grid 
board. A grid board gage ured by WES (Reference 59) will be 
dercribed a r  representative of this ryrtem. The WES grid gage con- 
r i r t r  of an 118-inch thick aluminum plate, 4 feet by 8 feet, painted to 
provide a contrasting background on which horizontal liner (at 0. L-foot 
intervals) a re  painted. The gage ie  positioned with the 8-foot length 
parallel to the water surface on a radial line from the point of detona- 
tion. The midheight of the gage is adjusted to be at the water surface. 
A motion picture camera records th2 wave action. A time reference 
icr provided by an accurate electric clock within the field of view of 
the camera. -- 

Aerial rtereographic photography of a largr oegment of the wave 
train may be performed. Standard photogrammetric proeedurer on 
the rtereo paire yield data on the amplitude and location ( a d  hence, 
the a p e d )  of the variour waver. 

Iaverted echo rounderr positioned on the re8 floor, rer i rknce  
g a ~ s r ,  md prerrure gage8 (both couamarcid rod r p c b U y  coartrueted) 
a r e  u r d  to provide mplitde-verrum-time records. 

Two typam of variable rerimtmte g y e  u e  in curreat ure; the wave 
rod and tbe prdlel  wire gage. 

The wave rad im erreat idly 8 mkp rerioknce wired lur aerier with 
ur omcillogrrlphic gdvraometer (Reference 60). The rerimkace rod 
ir placed vertic.lly in the water with the rtatie water rurface mar the 
contar of the rod. Ao the water rurface c h a q e r  level, rhe water con- 
ductor path along the rod between the r e r l t o r r  and a conduction t t t l p  
chmger the current f b r  to &e #dvlrrromet*r. 



Tbe parallel wire awe (Reference 59) coaaiat8 of two LO-mil dLm- 
eter rtaiskaa-ateel piano wirer (about 5 feet 1- typkally) r p c d  
.pproxlmately 1/2-inch apart rad rtretcbed between two circular 
phcer  of micart.. A r t t e l  rod alro extendr betweca the micart. to 
live the gage it8 necerrary rigidity (and to enable the tenrion in each 
wire to be rdfurted). The gage i r  connected to one leg of an ac bridge 
circuit which har a 10-volt, 60-cycle output. Changer in water level 
are reflected a8 changer in gage conductivity which, in turn, caure a 
change in the bridge circuit power output. The output i r  rectified, 
filtered and fed to a renritive galvanometer for recording. 

Scrippr Inetitute of Oceanography uee r very rpec ialixed long period 
wave recorders (Teunami recorders) for both open water mearure- 
ments, on deep water taut wire mooring, and near-rhore etudier 
(Reference 60). A basic characteristic of there recorderr i r  a hydrau- 
lic filter eystem (and a very deep-placed preerure entry port) which 
rupprerrer the effect8 of normal tide, wind-driven short-period rwell, 
and rurf beat. 

Scrippr har alro txperimeated with a relf-referencing recorder 
(Reterence 56). Since the pitch angle of a float, or  varrel, follows the 
$lope of the rurface, a recording of the slope-verrur-time curve can 
be integrated to yield the wave height hirtory. A Mhneapolir-Honey- 
well  LABS gyro, derigaed to give pitch urd tall i d o n n a t m  to an auto- 
matic pilot, war modified to record meamrememtr of pitch to f 30 
degreer and yaw to f60 degner .  In actual ure, there war a bare liae 
rhift oa tb. out- record which coonpllcated tbs problem of data 
redrrctioa, 



TRANSMISSION, SIGNAL CONDITtJlNING 
AND RECORDING 



SECTION 6 

TRANSMISSION, SIGNAL CONDITIONING 
AND RECORDING 

Common to al l  measurement is the problem of accurate tranrmis- 
sion and recording of the data signal. Mort of the problemc in tranr- 
mission, signal conditioning, and recording a r e  related to  the need 
to record a t  a distance trom the sensjng device in a blast a3d radia- 
tion environment which is severe, unusual, and not very well under-. 
stood in many respects. The output of most sensors is extremely 
low, and the signal requires amplification for transmirrion and rz- 
cording. 

Two basic philosophies, cot mutually exclusive, have developed 
about methods of reck~rding nuclear blast data. Each has its parti- 
cular advantages. 

The f irs t  method is to record on equipment which is erremtially 
of a laboratory type by moving a portion of the lqboratory into the 
field ia an instrument bunker o r  a specially derigzqd instrument 
van-trailer. Recording in thiu manner enabler a rerearcher to ure 
rather sophirticated equipment bu+ * murt urually locate the recor- 
der a t  great dirtancer from tht  roui. e of the signal. The reccmd 
method i r  to design a special hardme6 recorder which may be 
inrtdled near the uigaal aource, The r4.nplkity of uae m d  (hope- 
fully) the reduction of cor: with a hardea.jd recorder murt be traded 
off againrt the likelihood that the reccrder cannot be recovered for 
rome time after a nuclear tert, due to radiation h r a r d r ,  o r  the need 
to remow debria to g J n  ciccerr to the recorder emplacement. 

RECORDING SHELTERS 

Bunkerr, uoully of reiaforcsd concrete, buried o r  located rbwc 
ground, can be large enough to W e  over 100 cburnelr of recordin# 
quipment, o r  no rmdl  t b t  they protect a ringle brtrumrat .  U m ,  
the h r g e t  h r t a b t i o a r  h v e  proved to be more ureful becwre  it is 
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possible to maintain, by air- conditioning, the environment required 
by mout laboratory inrtrumentr. 

Mort agencier have found it earier to ure a van-trailer both to 
trrnrport the instruments to the field and to house them while they 
a r e  there. A trailer urcd in thiu manner will eliminate the field time 
required to mount the inrtrumentr in the bunker and reduce the time 
necessary for inrtrument checkout. The trailerr may be buried o r  
protected by sand bag8 o r  earth bermr to guard against blart, thar- 
mal, and radiation damage. 

AFWL H h e d  Shelter 

A unique portable hardened instrument rhelter hao been developed 
by AFWL.  The rhelter, approximately 12 feet long and 8 feet wide, 
ia constructed of 318-inch corrugated rteel plate. It is capable of 
withrtandkg a SO-psi overprerrure. Signal conditioning and record- 
ing equipment for 100 channel8 is  ohock-mounted inride. The unit ir 
reK-contained with it8 own generator, air-conditioning and receiver 
for  WWV timing r igadr.  Itr rise m d  weight a r e  ruch that it c m  be 
tranrported by air,if neceorary; however, i t  ir u r u l l y  located m a 
flatbed trailer along with an egui~ment work rhop. 

A great number d different t y p r  of cabler are b d q  u r d  in field 
ter t  pwgramr. The actual cable relected dopendo on the type d rig- 
aal, the number of rigaalr to be trrnrmittrd and the typo of recordiag 
equipment being ured. 

Th. NOL, for krtmace, urer  Sip& Corps i i d d  telepbow c d e  
(typo W W b  1- TT) to coaaect ultradyae-type eyer to the reac~4err. 
'IZJr cabla 'mr be- uoed where gage8 were a8 much u 2 milea from 
the recorderr. 

Typa AWG 20 four-conductor coufd cable ir ured by many field 
group@ for undergraund terk .  AWG 21) i n  a twisted 9 b r t r m d ,  
braided, obieldad cable with 8 naoprrne :arbt. Tbe a b l e  ir rbout 
112-keh ia dbmrkr w d  wrtgba rrbn~t 0.1 Iblft. I~botlitory toeta 
h v e  rhocrm 8 trarilo rtrmgfh d about 700 poundr, with a 3- to 4- 
petcat eloqatioa. Hotrrver, t b  anchorlag r t a q r b  d t h  --type 



connector with which the cable i r  urually connected to the canirter, 
or gage, i r  only 100 to 200 poundr. .After one nuclear teat, prac- 
tically all the connector8 examined rhowed evidence of the cabler 
moving out of the cmirterr. Crurhing tertr at Sandia rhowed the 
cable withrtood prerrurer of 1200 to 2200 pound8 when cornprer&ed 
betareen 1/40 to 2-inch cylinders and a flat plate, and 18,000 pound8 
betweem two &inch flat plater. When the cable war placed inride a 
3/Cinch garden hore, it did not fail a2 20,000 poundr, the limit of 
the prerr. 

Cable Survival 

Oae of the problems of herdwira t rmrmi rdm h r  be- the rur- 
vivd ad the cable8 long enough for the major portion of the event to 
be recorded. Thir i r  erpecidly critical Q #e p h t i c  and cmrhing 
soner near m underground detonation. A g@n of d y  a few rnilli- 
recondr of recording time often jurtifier the expanditure of conrid- 
arable etfort .ad e % p r e .  

Mwt f8ilurer h v e  been due to tearion failure of the cable. At 
pointr rhore  cmr- of the jacket war evident, the conductorr 
app..nd to be iatact, 

A number d mathodr hw been attempted to protec' the cabler 
m o c b m i e  from the affect8 of gramd motioa. To romo degree 
thay arm .11 nrccerrful, howaver, no optimum mqthod h a  been dsvired 
for macbuticrl protectiorr. Amoq the cable-protactics method8 arm: 

1. Placing tho cable br ide  8 3/4=iach gardm bra- 
thir iaup.nrivcr method raemr to work ar wel l  a r  any 
otlmr 

2. Placing a.bl.r i d d m  2-, S, or &inch flexible 
Gramfield caoduit or robforcod high- prermro nab- 
bet home 

3. P1.chg cabler iarida 2-, S, or  &inch abainum 
or ahe l  hrMn# 

4, Cabiiag tb. clrblsr tnto 8 hah, tamertin# tho bolh 
iato 8 a G J  tub, and fWa# t& tpba d t h  grure to 
permit frao crbb movornant aft- mmthg 

5. kck-filling t rachea with rupd or varmicdtt., 
aftor the c.blao arm rrulud in tbr trencbor 
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6. Spiraling the cable around 314-inch Buagee cord 
o r  3/4-ksch garden hore and placing the whole arrem- 
bly inride 3-inch Greenfield flexible meW conduit. 

SIIIdlr (Rdereace 54) reportr auccerr with rpedr l  cabler. For 
the Shod detonation they obtained two different type* from the Vector 
Cable Company, Houston, Texar. t h e  war a 4-conductor AWG 20, 
rhieided, double-armored, jacketed cable. A rpecial connector 
anchc red both layerr of arrnoring strandm by clamping; a tearion of 
about 5,600 poundr war required to caua e the wire atrandr to alip. 
The other cable conairted d aix 4-conductor AWG rhielded, jacketed 
cabler rpiraled around a 112-inch (1116-inch wall) rubber tube, dl 
of which war covered with a 1110-inch neoprene jacket. The outride 
diameter war 1-114 incher. At locationr of major earth movement, 
the cabler were installed in 3-inch (118-inch wall) aluminum tubing 
for additional protection. 

If 8 hkb-mechmicd-atrength cable i r  required, a type AGW 20 
c m  be obmined which will not fail at a atatic load of 56,000 pauada 
pull. The armor conrirtr of twenty-four 3116-inch, 7 X 7 rtrmded 
rt-1 cabler rpiraled a t  23 degreer over the jacket. The rtrurda a re  
brought through a apecial coaaector, turned 180 degree. aad clamped. 

TREE E J f a  

Trmritmt radiation (TREE) effect8 produce rigza8lr which h v e  
proven to be very detrimental to mearuremcmt oyrtemr. The currant 
arrockted with thir r iqad may be defined a8 a replacemeat current, 
rince i t  Ir moat likely te be o current in an axtarnal circuit wbicb i r  
neceroay to replace electroar, or  otber charged particlor, which 
a r e  knocked out of their ururl pori2ion by the radiation. Tbe m.gnf- 
tude d the radhtioa-induced rigaal chraaea witb the voltaae wpplied 
to the cable. The c-e ia current, mhtiw to the crrrirnt with no 
poteatid wpplied, ir defined ar 8 conductim currant, r h e a  it i a  pro- 
bably due to the coaducdvity induced in the tnauhthg diebctric by 
doctrarrr prodocad by the radiation. 

CoDductim in tbr krouiator ir froquatly ehroct.ris.6 two cam- 
ponmb. For wry rho& radiatioa @rer, there i a  a prompt compo- 
neat wbore magnitude ir 8 functiom mly d tba Irutrmrkamow u p o m r e  
raw. At the end d th. radi.tim upor\tre, t&te i a , s  d e w a d  com- 
p a t  ha* .a a p p r o s i r n a ~  upot- d e w .  



Radiation effects on selected coaxzal cablee exposed in a l inear  
acce le ra tor  a r e  summarized :rr Table I2 (from Referenea 5). 

Table 12. Radiation effects on coaxiol co I s expodad in a I!na !8 occelerutor to 30-Mev electrons at -1 0 rantpns/rsc. 

Thermal-neut ron- and f a r  t-neutron-induced replacement  cu r r en t s  
a r e  opposite in direction t a  that of the gamma- ray components. 
The magnitude of these replacement cu r r en t s  are ruch that, in typi- 
c a l  pulsed reac tor  exposures  without selective shielding, tho gamma 
and neutron contributions are a lmos t  equal and opposite. * Hence, - 
*It ehould be  noted that the t ime sequence of the arrival of gamma 

Cable 

RG-B/U 
RG38/U 
R G -5?/U 

RG-62/U 
RG-114m 
Teflon RG-62/U 
Teflon RG-1 1S/U 
Teflon RG-141/U 
Teflor! RG-210/U 
Foamed RG-8/U 
Foamed RG-6YU 
Roomed RG 1 -in 

special cable 

and neutron radiation from a nuclear  weapon may be d i f f e r k t  from 
that of a pulsed reactor ;  thus fn a nuclear  environment the rnqnitude 
of the replacement cur ren t  may bc greater than indicated in Table 12. 

NOTES: 
a May be too large due to stopping of o portion of prim& bean. 
5 Average over 4.5-microlecond pulse. Initial spike e 3  microrecondr) 

about a fuctor of 10 larger, 

Reference 5. 

I 

T P 

Solid 
Solid 
Solid 

Semisolid 
Semisolid 
Semisolid 

Solid 
Solid 

Semisolid 
Cellular 
Cellular 
Cellular 

I Replocemnt Current, 
1wl4 coul/cm- 

roentgen 

-70 (0) 

+ 3 - 2.4 

- 2.4 - 0.5 - 4 - 7 - 4 - 3 - 3 
+ 8 
+34 

c o n d u c t ~ ,  
1 m h o u c /  
cm-roentgerr 

0.5 
ry <1 

1 = 2  pr0mP -*Pm 5 0 )  

5 
16 

S1 
N <1 
30 
15 
25 
15 

I 



the net rignal obrerved can actually reprerent a small difference 
between two large componentr. 

The replacemeat current8 appear to be independent of the inte- 
grated flux and exporure rate. The fart-neutron component of the 
replacement currant, however, exhibitr a raturation rucb that the 
current per unit of flux decrearer by approximately a factor of 20 
after an extearive irradiation. 

Wiring with thin in-ulaticm i n  not expected to exhibit the radiation 
effect. behavior obrer re-n coaxial cable*. h particular, the lim- 
ited mearurementr reported in DASA 1420 (Reference 5) indicate 
t b t  the replacement current i r  primarily a function of the gamma 
environment, To a good approximation, i t  can be arrumed that the 
radiation environment will amount to the e&rion of betweem 1 and 
5 x log3 electrons for each gamma photon traverring the object. 
A rearonable average value correrpondr to about 3 x 10-l3 coulomb/ 
cm- roentgen. 

The conduction. current i r  a very ranritive function of the amount 
of inmulation around a wire and itr nearby environment. For  a bare 
wire in air with a grounded plane nearby, the predominant conductiaa 
i r  due to the ionisation produced in the air. TMr ionisation current 
i r  a rtroag function of air  prermre and air0 i r  a nonlinear functiao 
of the applied voltage, and &he arymmetric dependence of current on 
applied voltage i n  due to the fact that moat of the current i r  carried 
by free electronr. 

Placing inrulation around the wire would clearly reduce the coa- 
ducknce, but at the price of increaring the effective area af the wire. 
urd hence, the effective replacement current. At preremt, the beat 
iafommdoa reemr to indicate that r layar d inruhtioa hviag a diam- 
ator a f o r  timer the wire diameter ir optimum, A more detailed 
iatnrti#atina of tbe depoadmce d radiation-induced curreat oe the 
thichrerr d tnruhtioa arouad the wire i m  neodod. 

6blec@nmcm 
Qm d tbe m k  poink d tho inmtrumeatadtm qrtunr ir the eatraace 

of tlw cablor into the hutrumart crairtoi. Cable rhoatho are r e b  
d d y  froo d piahole ldu, .Qd the h-vy Wkek witbatad 
cooridorable m.obdeal ahre, but rocardy anelmring tlmrrbk bo 
tho mnbtor caatinuor to be 8 problem. E w  tbu#h tho cable jmbt 
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and rhield may remain connected to the canister, the conductorr 
inaide a r e  dtea pulled away from their terminalr, or  the conductorr 
a re  broken br ide  the inauktion, if the cable ir dirturbed rufficiently. 

t 

For surface cmirterr  md  rhllow haler, Suldia har tound f5.t the 
Coru;r~tpp. caanecter i r  ratirfactory (when properly inrtcJtc? :, !.f :he 
e r k i r u l  hydraulic prerrure i r  relatively low md movement of the 
earth not too great, TM8 connector conrirtr ad a bare, cap, rubber 
burhhg, and purher slug. The bare har a 112-inch, -14 tapered pipe 
thread, which ir rcrrwod into a tapped hole in the canirter. The 
cable ir inrerted throuph the cap, purher dug, rubber burhiag, and 
bare, into the caairter. A8 the tap i r  rcrewed down, the punher rlug 
comprerreo the rubber burking ro that the outride diameter expand8 
to real to the wallr of the bare. At the same time, the iaride diam- 
eter comprerses the cable to real to the jacket. When the connector 
i r  properly arrembled, the cable h a  a rlipping rtrenpth of LOO to 200 
poundr, and will real to 100- to 200-pri external hydraulic force. 
However, if the cap is  tightened too much, the cable jacket may be 
cut and the conductorr actually broken. 

Deep b l e r  with high e%tenul prerrurer and c8nirterr with 20 to 
50 gager prerent different problemr. The Vector Cable Company h r  
developed a termination capable of withrtaadirrg 4000- to 5000-pri 
extorad prerrure. A flange md 0-riag a re  bolted to the cmirter to 
real the connector. The cable parre8 throuph a rleeve i the flurge. 
k c h  conductor ir tenabated on a feedthrough burhirg on m inmula- 
t iq  bulkhard. A nempraae boot ir wlcanisod artride the rerrated 
b r u r  rlaave (an the flange) md  to the cable rheath. Since the cable 
contrinr no voidr, external prernrre teadm to improve the real 
be- the boot and brarr  above. 

Duriag prrfiminary term, it war found th3 tba cable had a ton- 
dency to creep th-h the b n r r  rleeve whoa extamally prarmrhod, 
A podtlva-.tcrp bdkhmd and feedthroqh boobiqr, .i#1 tha f U h g  of 
cabla d r  *tb a *\rlmii..d rPbb.r compoimd, eItmfrukd thir dU- 
ti-. TMa tip. d carnector prond r.tirfactery at tho Smd .ad 
-1. oparatlaar. 

Moaca kbk uad Sedca, he., of Harum, hrr d d o p d  & p&a- 
m6j .ck  type d coo11ector which h r  d r o  pro- ratirfactory under 
bigh prerwra. The dngb- camductor Qpo c a w i r k  d a b r u r  1/16.. 
inch, 24-NPT portion with aa Ol ring. Tht8 r c n w  into th. canirkr 
w A rubber jackat ir rn0ld.d around the b r u r  fittlry m d  bra a 



half 0-riag molded into the outride wall about 114-iach from the end. 
The cmductor o r  pin extendr through an i n r a t i n g  burhing through 
the brar r  tube fitting. The on-conductor cable t e r m h t e r  in a jack 
b.bich is covered by r rubber boot vulcanized to the cable jacket. 
About 318 inch from the end of the boot, .a Olring groove ic molded 
on the inride of the boot, When the pin and jack a r e  engaged, the 
0- ring i r  engaged. External prerrure increrrrer the reding prerrrrre. 

h d i a  attempted to ure glara-inrulated feedthrough bwMagr nun- 
ufactured by Fuaite Corpora)ion, Cincinnati, Ohio, Type 1/16-~~NPT- 
FP. The burhinge have maintained a real to more than 25,000-pri 
oil prerrure. Tbere would have required inrulating the exterior 
connectioar. 

An attempt to waterprod there terminal8 by potting in RTV 851u.1 
tic compound failed when 4000-pri water prerrure curred a Cosux 
connector rubber hurhing to cut the cable jacket, permittiag water 
to flow along the fiberglarr cable filler to tho t e r m W r .  Eoadiag of 
the rilartic compound to the neoprene jacket war 8180 unratirfactory. 
Bonding to the aluminum caairter, howevor, war good. 

RECORDING EQUIPMENT 

Mort recorderr in ure today are odf-the-ohel€ itemr of cornmeraid 
mmufacbure; a few, notably the AFWL MQ-PAC md Harry L l d u n d  
Labotatorier WETR, were produced by #pact J order. A 8- mamy 
cornbkutioar and psrmutationr d recording, urd rigaei c#dttlolr 
rystem element8 (off-the-aha, r p a c U y  derigaed .ad b r u d b o u d )  
a r e  employed, accordiag to the perticuhr requirememtr d a bat ,  
equipmmt availability, part eacparisncu, mad individual proferancer 
d 8 teat ~ r a u p .  

A typbcd oyrtonr wht arm .,MOD eAlO 10 #Etr (or a 
Gurirco 20 K l h  ot  a WiuteIIO 3 KH.) carder oyrkm; a Tddyaamica 
Typo 1270 r u b a r d a r  oadll.torg .od ur krrput CP-100 Wpm roaorder 
aad Tdtkarrica No. U1 oocilloacopr. FA4 carrier damo&&h aad 
conrparrtio11 for oped fluctrutloea in recorder tape trmaporta may 
be 0bt.h.d w%tb .a El.ckew.Clvldsrl Rer-b, baa dlocdda8tor. 



CEC S w  D 

Tho Conrolidated Electrodynunics Corporation (CEC) Syr tom D 
carrier-amplifier ryrtem will be described in rome detail becaure 
it appears to be frequently ured by field groupr. 

The Syrtem D is a carrier-amplifier myrtem that wil l  record rta- 
tic and dynamic output8 betwaea dc and 600 Ik. It urer  ur amplitude- 
modulated, rupprerred-carrier rignal, witb the amplified gage rig- 
nJ trmrmitted to an orcillographic recorder. The q r k m  may be 
ured with two- o r  four-arm bridge traarducerr operating on the 
rerirturce change or variable reluctance principle. A ri-1 w f 1 
mv will caure a full-rcde daflection. Attenuatorr enable the rprtem 
to operate with input r i g d r  in the range of t 1  volt to -1 volt. The 
ryrtern includes m o rc ib to r  power rupply for rearor excitatioa 

. 

with m outpat of 10 volt8 a t  3 Hz. m attonuator to vary the input sig- 
nal levels, m amplifier to boort low rignal levdr,  rPd a p h r e  
renritive demodulator to provide correct polarity to the rignal output. 
Under the condition of sero r t re r r  an the ronror, the output rignal 
amplitude i r  sero. The r i m 1  i r  amplified, trmrmitted, .ad admit- 
ted to the demodulator, where the carrier i r  decoded and the proper 
r i p  arid magnitude givea to the ri@. TM8 output i r  trmrmitted 
t o  a currant- renridve orcWographic recorder where c permurant 
graphic record of thc rip81 i r  made on photorearitive papor. 

The Syrtem D, although old, is rtill adequate for the n e d r  of 
mort inverPigatorr. There ir alwayr requirement for 8 higher fro- 
quamcy rerponre, but tbir ia uruJ ly  not critical except from gager 
poridared clore to ground sero, 

SYSTEM D MOD~ICATIONS. Alrnort everyone who urea the 
8yrt.m D bar made modificatioao oa the equipment to meet their own 
particular rpocificatioar. At WES, Mr. F. P. Hanor, in char~r of 

o h c t r d c  kutrumrnhdon, b r  modifid tho 8yrt.m D to a r b l e  
it to d t i w  dther  8 tap. drivo o r  8 gdvu~omrk r ,  o r  both tog0th.r. 

A rim& devico h r  be- de rmod  at S.ndirr to m o c b . n l c ~  cbaqo  
ths attauator rotdag d the k p r t  into a e rkm D ampliuor. hr some 
studier, Sand. want& to tocord a phornawm duriq 8 rhot urd 
d a o  for romr poriod after the rhot (0. g., tho earth mwrmomt at tb 
time cd a rhot and, later, the rdlocticmr md dirlrrrbmcer duriag tho 
eaUIpee d tho c r a k r  o r  cavity). The in tonde d tb 8-8 from 
there two evmtr may differ by orderr of eb.~aiWo.  If th. oquipmeat 



i r  ret to record the first event, the second event i r  80 obrcured in 
noire a r  to be of doubtful value. If the equipment i r  rat to record 
the latter eventr, the Mtial rignal raturater the ryrtem, and the 
elactranic equipment may not recover in time for the latter event. 
Thur, i t  war necerrary to chmge the renritivity of the ryrtem 
between the two eventr. A motor, slipclutch, gearr, adjustable 
pinrtop, etc., a re  mounted on the froat of the panel of each ampli- 
fier. TMr doer not interfere with normal balancing of the unit in 
ratting up the ryrtem. After the ryrtdm bahaced, the attonuator 
#witch i r  left in the normal porition for recording the main event. 
A pin i r  placed in a hole correrpoading to the attenuator retting 
desired for recording the recoad event. A few recmdr after the 
main event, a timing rignal applies 27 volt8 dc to the motorr for 3 
to 5 recondr. The motor turn8 the attenuator rhaft until rtopped by 
the pin a t  the derired setting, then t b  clutch rlipr until the power 
i r  removed. The rwitching operation taker caly a few milliaecondr 
m d  few data a r e  lort in thir interval. 

SYSTEM D SXGNAL CONDITIONUIG. Since the i a p t  rigaalr 
required for a r t e m  D ura a r e  relatively high, f 1 volt, a lw r i w l  
conditioning and amplifying network i r  necerray.  The Elect* 
Mech8aic.l Rerearch Corporatioa manufecturer a unit with the follow- 
iag rpecificatiarr : 

1. A varublo dc voltsge trrsrducer power rupply for 
each c)l.nnd, with 8 urable range d 5 to 20 v o h  

2. A baknctng network for each cbmnd to re-null 
any traarducer u a b a h c e  in the r u q e  of 0 to 60 mv 

3. A dc amplifier for each cbaanel with 8 @.in d 1,000, 
. thur &owing a f l mv aign8l input to gSva a f l volt out- 

mt 
4. A logic trnft far complete runok cmtrol for all 
pboer d tho nconffnl cycla. 
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Hardened Systems 

Blast-hardened data acquisitiorl systems a r e  being employed with 
increasing frequcncy in order  to eiitninate lengthy signal cables. 

The Leach, Model  800, and the Genisco Data Model 10- 110 a r e  
both small 14-channel recorders  constructed to withstand shocks of 
100 g. 

Leach Hardened Recorder 

BRL at  one time incorporated the Leach recorder  into a self- 
cofitained system within a i0-inch diameter, 6- 1 /2-foot long cylinder 
which was buried in an augered hole in the earth. Internal batteries 
provided the necessary power for  operating the electronics f o r  30 
minute13 and the tape transport for  2 minutes. Thirteen data channels 
wcre provided. The fourteenth channel was used for reference timing 
and time-zero recording. Transducer excitation voltage was pro- 
vided by the eystcm: dc, 3, 10, and 20 Hz a t  10 volts, When dc exci- 
tation was used, 10 Hz data response was provided, by means of 
wide- band F M  (i-40- percent deviation) with 54-Hz center frequency. 

- Noiee  level^ were on the order  of 10 percent, full scale. The one 
use  of this system- to acquire nuclear blast data-failed. 

Gznisco Hardened Recorder 

The Genisco Data 10- 110 was designed fo r  use  in adverse environ- 
rn ental conditions, The 10- 110 is small (7 x8 X 12- 1 i 2  inches), light- 
weight (28 pounds), and portable. The system uees a unique Cobelt 
tape drive and transport which eliminates many problem8 inherent 
in tape transports using reels  and pinch rollers. 

The Cobelt drive schema was f i r s t  applied to the Genirco recorder  
designed for  use on a rocket sled. This recorder  had severa l  fea- 
tures  designed to permit it to operate satisfactorily under heavy 
vibration and accelerations up to several  hundred g, In the recorder,  
atl conventional reels  a r c  used. Instead the recorder  is constructed 
very rigidly on both sides of precision spacer only 0.0001-inch 
thicker than the tape width. The tape, instead of being stxpported 
bctween reel  sides, is handled by the block8 of metal which form the 
body of the recorder.  When the recorder  is arrembled, the entire 
tape guide function i s  carr ied out by these side plater. For with- 
standing shock, this construction is much superior to one uring a 
ree l  of any kind since a ree l  side must neceeearily be relatively 
flimsy. 



208 DASA 1986 

The Cobelt drive. in order to maintain contact of the tape with the 
head, consists of an auxiliary plastic belt which presses the tape 
toward the heads. This belt also provides the drive normally supplied 
by the capstan and pinch roller. The tape i s  thus both pulled along 
by friction with the Cobelt and pressed by i t  against the heads. A 
disadvantage of the Cobelt drive i s  that the lateral guidance of the 
tap*, unless i t  i s  severely constrained, is related to the straightness 
of tbe driving belt, and there i s  a tendency for the tape to wander. 
In the Genisco recorder, this i s  kept to a minimum by the body of the 
recorder. 

The data channels a r e  wide- band FM(f40- percent deviation) with 
54-WE center frequency, thus giving a frequency response of 0 to 10 
Hz. The rnkirnurn invut to the VCO for full- scale deviation i s  f250 
mv. Thus, a high output transducer may be used directly into the 
VCO and give full-scale deviation without the use of a preamplifier. 

An ad9ai;tage of this recorder i e  i ts  ability to operate with the 
center frequency shifted, thus giving a much higher signal-to-noise 
ratio when using tha extenced frequency band. With Fairchild dc 
amplifiers, a aiy- i l  of 2 mv will drive the system to full-mcale devia- 
tion. 

Two complete systems have been designed specifically for  nuclear 
studietl. They a r e  the DAQ-PAC and the WETR. 

Xeltec Industries of Alexandria, Virginia, developed a hardwed 
Weapons Effects Test Recorder for Harry Diamond Labotatorier. 
Information on this equipment is not available a t  this time, 

DAQ- PAC 

The DAGFAC ~y atem, developed by the MRD Wvirioa of General 
American Transportation Corporation for  AFWL, ir a relf-contained 
portab'ie package to obtain mearurement uader revere rbor-#, pterrare ,  
rad: 2 Uon and EMP environments. Table 13 lieto the oparrdag en- 
vironmentrl specifications. 

The DAGPAC (Figure 46) consists badcrl ly  of two prrtr:  11) a 
signal conditioning rection which provider excit8tion VOlbg80 for t rma-  
flucerr, automatic calibntion, bridge balance, bridge cmpletien and 
a balanced differential preamplifier to prauide adequate a i w  level# 
for recording; and (2) an malog magnetic tape recording ryrte& f h  
recording in both direct and F M  format per IRIG opacificatioa 106-60. 



Table 13. Operating environmental specificot ions for DAQ-PAC. 

1 Shock 1 1009, 1/2rinewave, 1 1  m durotion 
I I 

Neutron Radiation 

1 Gornrna Radiation 

I Ternpero ture 

13 10 NVT (prwmps and record electron-) 
ics- 1014 NVT) I 

8 
10 rad C,/sec intermittent, recover 0.1 
m; lo6 rod @ec continuous 

16,080-ompere turnr/meter magnetic 
field; 5,000 voltJ/metcr electric field 
5 kHz to 25 kHz. 

I 

I Overpessure . 
500 pi minimum I 

i 

/ Moisture 
Waterproof- 150 pi hydrostotic prep 

All  componentri of the system a r e  plug-in modules, r o  that a wide 
variety of t ransducers  can be used to obtain magnetic tape recording 
without additional circuitry. After recording, the tape 18 recovered 
and played back on any standard IRIG magnetic tape playback syrtem. 
A total of twelve data c h a ~ n e l s  plus two channels fo r  flutter compen- 
sation and time reference data a r e  provided. 

The DAQ- PAC a l so  con tains a programmer, electromagnetic 
puloc! (EMP)  input circuit  protection and internal power-supply. . 
Upon activation by external control signals, the programmer auto- 
matically directs  the DAQ-PAC through a s e r i e s  of operationn includ- 
ing pre-test  warm-up and calibration, shorting input lineo f o ~  EMP 
protection, data measurement recording, and port-teat calibration. 
Thris, the OAQ-PAC ie  a complete instrumentation ryr tem and require8 
no e x t e n a l  support other than the initial activation. The high rhock 
and nuclear radiation resistance ha8 been obtained by an all  solid- 
s tate  design and the careful selection of components. 

The DAD-PAC uses a modular constructiol~ to achieve a broad 
flexibility for  measurement purposes. A combinatiorr of modules o r  
cards are provided which allow meaeurernent of l ow frequency pheno- 

' 
mena (dc-600 Hz) using a 3-kHz c a r r i e r  fo r  transducer excitation, or 
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RECORDING 

wide !)and l i n e a r  (200-.Zv0,000 Hz) procces ing f o r  applicat ions requir -  
ing h i g h  frequency respanse .  Wide band recording o v e r  the range of 
dc to 20, 000 FIz is a l s o  a ~ a i l a b l e  a e  a n  optional f e a t u r e  f o r  thoee avp1;- 
c a t i o ! : ~  whcrc* both re la t ive ly  high frequency r e s p o n s e  and d c  level8 
must be  recorded  ( s e e  Table 14). 'l'ape ~ p e e d e  of 3-3/4 i p s  to 60 i p s  
can bc provided, dcpending on the f requency respGnse requirements .  

. The corresponding record ing  t i m e s  range  f r o m  60 to 4 minutes,  r e -  
spec t  ively . 

Table 14. DAQ-PAC specifications. 

C GENERAL CHARACTERISTICS 
1 

Accuracy 

Tape speed 

Tape width 

Recording time 

Trock numbering and spacing 

Recommended tope 

f 2 percent of full scale FAA mode; ;t 5 
percent of full scale FM mode under 
spcci fied environment 

Standard 3-3/4 through 60 incks/sec 

1 inch 

4 minutes a) 60 ipr 

I Per IRlG Specification 106-60 (om- I 

1 3M T a p  951-1 I 
I ~ t a r t - r t o ~  time I 1 . O reconch maximum I 
Tape speed accuracy 

Flutter 

Cali hetion 

Frequency response ond input 
impedance 

0.5 percent from nomlnal d 60 ips 

< 1.0 percent p a k  to peok dc to 300 
Hz at 60 ipr 

Autorndlc 0 ond sIngle shunt 

See plug-in modules 

1 ~ronrducer connection ' Standard 4-wire system under environ- 
ment, &wire remote calf bration for 
long lines I n  obence of EMP - 



Toble f4 (Cont'ci.) 

i 24-1/44 nch diameter oblate sphere 20 
inches high I 

lWeight ( 275 pounds I r- - I 

PLUG-IN PREAMPLIFIERS 1 

Frequency response 

Bridge excitation 

Ad j ushnents 

Wide bcnd preunplifierlnodel 
1 053 

1 0-10voltrdc 1 watt I 

Input voltage 

Step attenuator 

l nput impedance 

Signal-to-noise ratio 

Attenuation, amplifier gain, bridge vol- 
tqe, and bridge balance 

1 mv rms for 1 volt output 

XO, XI,  X10, XlOO 

25,000 ohms, XO; 50,000 ohm al l  
other setti ngs 

Input voltoge 

: I  3 0  db 

l n ~ u t  impedance 

Signol-to-noise ratio' 

I Carrier frequency 

I Frequency response 

k ~ ~ a  exsi td ion 

I 1 mv nm for 2.5volfsdcoutpn I 
I XO, XI, x10, Xloo I 

30 db 

3 kHz 

0-600 HI. k L 1  db 

1 3 kHz, 1-10 wlk rmr, 1 watt I 
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Table 14 (Cont'd.) 

Adjustments 7 Attenuation, anplifier gain, bridge vol- 
toge, and bridge balance 

dc reampli fier-model 1062 

lnpul voltage I- 5 mv for 2.5 volts output 

Maximum peak input voltoge 5 2.5 volts 

Gain stability k 1 percent after 5-minute warm up 

Step attenuator XO, XI, X10, XlOO 

Maximum source resistance 100 ohms 

Frequency response dc to 20 kHz 

Bridge exci totion 0-10 volts dc 1 watt 

Adiustments Attenuation, anpli fier gain, bridge vol- 
toge and bridge balance 

PLUG-IN ELECTRONICS 
FM Record-model 1067 - 
I nput vol tags 

Frequency 

Frequency response 

Signal-to-noise ratio 

I npu r impedance 

Adi ustmenh 

2.5 volts for A 40 percent deviation 

108 Hz & 40 percent $50 ips) 

dc to 20 kHz (60 ips) 

30 db from dc to 20 Hz at ram01 record- 
ing levels 

50,000 ohms minimum 

Signal amplitude, center frequency, 
heat drive current 

4 



Table +3. (Cont'd.) 

The DAQ-PAC is physically comprised of four major sub-arrem- 
blies: the electronics compartment, the tape transport, the battery 
pack, and the external container. The container afford8 the necerrary 
environmental protection against EMP, overpresrure, and moirture 
a s  well a s  housing the other sub-assemblies. 

A boss is pravided to mount a cable strain relief to minimisr cable 
breakage from motion of the DAQ-PAC due to ground motion. Shaped 
ar an oblate sphere, the container &r conrtructed of three piece8 of 
5 /8-inch thick aluminum, a center aection, and .top and bottom cover#. 
Each cover i r  bolted to the center section with t& etude W&?I can be 
quickly removed for access to the inside o r  rapid data recovery. 

The electronicr compartment and tape transport, which form the 
heart of the system, a r e  hard-mounted to the center rection a# a 
package. This arrembly ha8 been derigned ro that all  the data chan- 
nel moduler ruch 88 the preamplifierr 'and record e l e c t r d c r  am . 

exposed a t  the top and a re  accesrible for balancing, adjurtment and 
replacernant when the top cover ir  removed. Simib)ly, #a entire 
tape tranrport can be quickly removed from the top for rapid recov- 
ery of the recording medium in the field. 

J 

The batter) pack conrirtr of a potted arrembly of rechargeable 
nickel-cadmium batteriar $@cured to the bottom cover. It i+~ca~plo& 
to the electronicr and t nn rpor t  through cabler with cornactor,. 

. 

. B 

Dharct ncord--nrodel l W A  

For airborne o r  r p c e  applicationr the electronicr and tap. record- 
e r  can be removed a r  a p~ckage from the central rection of the 

Input voltage 

Frequency response 

Sigwl-to-noise ratio 

Bia signal 

Adiurtments 

i 

1 volt P.P. hr n m l  n d  Iowl 

& 2 db between 300 Hz and 200 kHz 

30 db from 300 Hz te 2CG kHz 

10 mHz 

Signal amplitude, Ua amplitdo, head 
m n e  . 



container and mounted elrewhere with no reduction in shock and f tdi-  
ation rerirknce.  Thir effects a raving6 in weight, particularly if 
the' intern81 b a t t e e  c m  b& eliminated by eubetitution of the vehicle 
e l a c t r i d  power. 

I 

SRl har reported ruccerr recording tranrient blart and shock 
phenomena with a raster oscilloecope and camera. The rar ter  oscil- 
lorc* ured war Tektronix type 555 dual beam. The trailing edge 
of one rweep gate was applied to the trigger of the opporite sweep, 
producfng alternating rweepr on the orcillorcope face. The rweepr 
have virbkally no "dead time" between the end of one and the star t  of 
the other. The orcillorcope has a bandwith of 2 Hz to 13 MHz (26 
nmorecondr) and a gain senritivity of 0.05 volt/cm. The advantage 
with thir ryrtern ie  that data will not b t  lost if a time-of-arrival 
awitch f d l r  to trigger a rcope sweep, o r  if a timing signal i s  applied 
to the tdgger  a t  the wrong time. 

AUXILIARY EQUIPMENT 

NorthAp . " 

TI+ wrap ~ a t u r .  ~espomtioa h a  devalopad..nd taatad a man- 
ber  d signal qmditianing equipmanta ia r n ~ h r  wruironmdat. Ref- 
erence 16 live* the rpecifi&01~ ucd 0peartir.q chrrrcterirticr .&at 

1. A vacuum tube voltage controlled orcillator 

2. A -el-diode voltage controlled orcillator 

4.1 An rmpIifier and sc to dc c'~~'yortek. . , 

Wtthrcip i l r ,dro devr)opbg methodm and equiprhmt for \am@ fibrr 
optica to trurrabit data. ' 

The Endevco Corporation offarm a mutall tube typa unpU#$er, No. 
26188, with 8 #&in variable from 4 to 17. It war d e a w a k o *  'ta#k7 
with pieroelect+c tranr@cero \mde6r rav)relrat#atioe p+r*pmtrl =,,,@uh,; 3 I " ' \ ! i I t ' '  L *  

8 
: . . '  ' *  a 

t .  
, , , ,:, * , F i b  , 4 >.,: 



GATC VCO 

The MRD Mvirion of General American maker a hardened voltclge- 
coatrolled orciilator ;which employ8 RCA nuvirtorr as active elementr 
and wire wound rerir torr  and mica capacitorr a r  paraive elemcmtr 
to permit operation under nuclear radiatioa environment8 up to 1015 
NVT. Potted conrtruction ia employed to allow operation under 
rhockr exceeding 50 g. 

The MRD-VCO provider a full-rcale frequency ahift (f 40 percent 
carr ier  frequency) with an input of f 1 volt. Drift in frequency doer 
aot exceed 1 percent of double baadwith over a terrperature rurgs 
of -20 to +8O9F. The unit contain8 i t r  own voltage regulator and 
operater from an untegulated 90-volt power rupply. 

Calibration 

Recorded data a re  uselerr for makiag amplitude mearuremank 
unlerr a known reference amplitude i r  recorded at the r a m s  time on 
the rame record through the complete recording ryrtem. Primary 
input voltage and frequency, thermal effect8 oa the cabaer, am@- 
f i y r ,  power supplier, etc., changer in rensitivity of the variour 
cotnponentr with time, and other factorr, all b a d  to chmge the over- 
all r y r k m  recordiag rearitivity. H0*~8ver,' if a k n m  8tbp in* ir . 
imerted h t o  the complete ryrtem b a t  before rhot time, th. ddf t  
&I the main weat ir recorded ir generally iaaignUicmt. The rd- 
ative amplituder on the record remain conrtant. 

Much of the recarding i r  done by recording the unbahace produced 
in a two- o r  four-arm bridge circuit. if m e  a rm ir momankrily 
rhunted by a fixed rerirturce (and arpecitor) to give finite deflec- 
tion equivalent to a known output ob the gager, a kaown calibration 
rtep ir  on the record. TMr rtep r l r o  may be ured to datermine 
directioa of the initld evmt on the recod, and ir aa i d a x  to tb Uaa- 
irity d the whole 8yrkm in the event actual unpfitudar u e  areah? 
thn aatidpakd Zf tho gage rocordr an avant directly, without 
#dq through a btidge, a knoum voltage may ba inrertod b+ tho 
rocordlng oyrtem to g i n  tho cdibratloa atop. 

. . , i. 

M dm,, mounted thoir "d +tb & 4 t h  &do- 
thoro crltbr.tloa rtopr, in tho iarttpmat racb Q the r.cordb# 

c 
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trailer, which war generally reveral thousand feet from the gage. 
Since some time. would elapre between the time the q r t e m  war re t  
up 8nd balanced and the actual time of ibe rhot, temperature chmger 
and drift in the equipment and cable2 introduced rome e r ro r  in the 
calibration step. Hence, i t  war decided to place the calibration unit 
a t  the end inrtrumant ro t h t  i t  would see the mame change6 a s  the 
gage itrelt. 

Slsdia developed a unit to be placed in the inrtrument canirter, 
conrirting of trurrformerr, ruggedised relay., rerirtorr,  aad cap- 
citorr, all  potted to further protect them from the environment. Two 
o r  four complete unit8 a r e  potted into 8 paacalrs 4 inchem In diameter 
and 2 incher thick. There arremblier can withatand i000-g rhoclu 
without malfunction (Reference 54). 





APPENDIX A 

GLOSSARY OF TERMS USED BY 
BLAST AND SHOCK INVESTIGATORS 

ABSOLUTE PRESSURE-Prerrure mearured with rerpect to a vac- 
uum* 

ACCELERATION-Time rate of change in velocity and/or direction. 

ACCELERATION SENSITIVITY-The difference between the renror 
output at sero  acceleration and the output mearured at a given 
rteady-rtate acceleration. Urually expreared in percent of full- 
11c8le output per g. 

.Acceleration, Dynamic Trrnrverre Excitation Saritivity-The 
: - c-e in outprt of a renror obrerved when n dylumic accele a- 

dosr, either minuroidal o r  pleating, ir applied in any direction 
perpendicular to the ronritive axir. 

Acceleration, Steady Trmrverre  Excitation Senritivity- The 
c h n g e  of a t p u t  of a r m r o r  o b r e r v d  when a cmrtant accelera- 
tion ir applied in any direction perpendicular to the renridve axir. 

ACCURACY-Freedom from rnirkker o r  errorr .  A mearure of cm- 
formity to a rpecified vdur. 

ACTIVE LEG-An electrical elemeat within 8 rcmror which changer 
itr electrical chracteriatfcr  ar 8 fuactba of the applicatioa of 
th. forciag ftmttim* 

ANALOG OUTPUT-Searat output in which the amplitude 4 8  toatin- 
uaarly praportiozul to the rdmulur, tb. proportiolulfty baing 
h i t c d  by the reaolutioa d the trurrducet. Mrtiaguirbed from 
DIGITAL OUTPUT. 

BLAST f;OADIIW-?he t o k l  force sn an object eaured by the d r  
U r t  from an &xploriaa rttildag and flowin8 aro\rad the object. 
IS I s  a cambhrioa of diffraction and dr.g loading, 



BLAST WAVE-The ehock wave transmitted through the air ,  accom- 
panied by winds, propagated continuouhlly from an exploeion. 

BLAST SCALWG LAWS-Formulas which permit calculation of the 
parameters deecribing a blast wave a t  any distance from an explo- 
sion of specified energy. The known variation with distance of 
these parameters for an explosion of known energy i s  the reference. 

COMPRESSIOE! PRESSURE- See DYNAMIC PRESSURE. . . . . 
DAMPING-The resistance, friction o r  similar cause that dimMishes 

the amplitude of an oscillation with each succeeeive cycle. 
. , 

Damping Factor- (1) The ratio of any one amplitude and the next 
succeeding i t  in the same sense or directioa when energy is not 
supplied on each cycle. (2) The percent of critical damping in a. 
gage. Represents a compromise between frequency respopse and 
overshoot. The theor'etical optimum figure ie a damping.fatctor of 
0.64 which corresponds to a frequency response flat f 2 percent 
from sero  (steady state) to 60 percent of the natural frequency of 
t t e  transducer. . . 

Optimal Damping-Damping ratio slightly less tban d t y  nhich 
limits sensor overshoot to a value lese  than the specified mter- 
tainty of the instrument, . . 

Critical Damping- The val le of sensor damping Which proddes 
the moat rapid trznsieat respmse  wi thu t  ovarehoot.. 

Damping Ratio- The ratio of actual sensor dampkg to critic84 
damping. May he expressed a s  the ratio of o u t p t  under @@tic 
conditions to twice the output a t  the lowest frequency where a 90- 
degree phase shift i s  observed. 

Fluid Damping- Accelerometer damping obtained through the dir- 
placement of fluid by the masr aad the accompaaying dissipation 
of heat. 

Magnstic Damping- Damphg obtained through the generatiam and 
disripation of electromagnetic energy. 

DAMPED NATURAL FREQUENCY- The frequency a t  which a ringle 
degree of freedom ryrtem wi l l  oscillate, in the preranco of damp 
in#, upon momentary dirplacement from the r e r t  poritioa by a 
tranrient force. 
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DEAD VOLUME- The total volume of the pressure port cavity af a 
sensor with no forcing function applied. 

DIFFERENTIAL PRESSURE- The measurement of the difference be- 
tween two pressures under consideration. 

DIFFRACTION- The deflection of waves around the edges of objects. 
For a blast wave impinging on an object, diffraction refers to the 
parsage around, and envelopment of the structure by the blast 
wave. 

DIFFRACTION LOADING- The force (or loading) experienced by the 
structure by the blast wave during the diffraction envelopment pro- 
cess. The force results from the differential between incid'ent and 
reflected pressures of the blast wave in the early rtages of target 
engulfment. See also DRAG LOADING. 

DIGITAL OUTPUT-Sensor output that represents the magnitude of 
the stimulus in the form of a series of dircrete quantities. MI- 
tinguished from ANALOG OUTPUT. 

DIRECT SHOCK WAVE-A shock wave traveliag through the medium 
in which the explosion occurred, without having encountered an 
interface. 

DRAG LOADING- The force aa an object o'r rtructure due to the trur- 
rient winds accompanying the parrage of a b h r t  wave. See'rlro 
DIFFRACTION LOAAIM;. 

DURATION-The time required for the rhock wave to p a r  a ~ i w a ~  
point. See r l r o  POSITIVE PHASE and NEGATIVE PHASE. 

DYNAMIC PRESSURE-The air prerrure which rsrdtr from the mar8 
air flew (or wind) behind r b k r t  wove. It ir squrl to the product 
of h8lf the dearity of the air through which tho wrw parser urd the 
r q w r e  of ths particle (or wind) velocity behkrd the rhock froat rr 
i t  impinger on the object a? rtruchrre. 

DRIFT--A change in mearurlng oy,tom autptat attributable m y  



"E" CORE or "E" COIL-The confiauration of lamination8 used in - 
certain inductive renrore which reaembler the form of the capi- 
tal Roman letter "E. " 

EARTH' SHOCK- See CROWD SHOCK. , 

ERROR-The difference between the indicated value and the true 
d u e  of a mqarubd parameter. 

I .  

F& FREQUENCY BE~PONSE-R~~~O~. .  a mearuring ryrtem 
to a conrturt amplitude function which varier in frequency. The 

. i rerponre ia flat if it varier within rpecified limitr of amplitude. 

FORCING FUNCTION- The phyrical phenomencm such a r  prerrure, 
acceleration, velocity, or dirplacement which i r  meerured by the 
renror. 

FREE AIR-A region of homogeneour air rufficiently remote from 
reflectioa rurfacer or other objectr 80 that the'cbracterirticr of 
the direct rhock wave are not modified by reflected #hock8 or 
dirturbaacer ariring from rcattering objectr. 

FREE N U  OVERPRESSURE-The =reflected preraure, in excerr 
of Che ambient atrnoopheric prermre, created in the air by the 
b h r t  wave from an axplorioa. 

FREE FELD oVERP&ItE&&e F m  AIR OVElWaESWRE. 

I 
I FREQUENCY RESPONSE- The portiau of the frequency rpectrurn of 

the forcing fmctiocl which ir ranred by r uyrtem within opocified 

1 
Umik of unplibrrde. error. 

FREQUENCY-MODULATED OUTPUT- Aa oaatput which ir ebtdnd fn 
the form d r deviatloa from a camter frequmey, whore tb. de*is- 
d m  ir proporttooj ta tha applied rtimul\rr. 

rtm nntt-(~l'* *- nk. ol totoly u.. a r t  
ror ru darigaed to meamre. (2) Ih. ma@tude at tbe -t of 
thr r a r o r  at tba, mudunam forcing functiaa. 



GAGE FACTOR-A measure of the transfer function of rtraia-reasi- 
tive resistive materials. Numerically expressed a r  the unit 
change in resistance divided by the unit change in length. 

GAGE PRESSURE-(1) A differential p rer rure  mearurement in  which 
the ambient presrure provider the reference. (2) A pre-rure in 
excess of the standard atmoepheric pressure a t  rea  level and 70°F, 
e.g., 14.7 psia. 

GAGE SENSITIVITY - See GAGE FACTOR. 

GROUND SHOCK- The tranrmisrion of a vibratory energy a r  waver 
ia rock o r  aoil, causing a time-varying acceleration, velocity, 
and displacement. 

HEAD-ON PRESSURE- The force resulting from the moving a i r  
maso in a blast wave coming to rest  on a reflecting surface and 
tranrfering i ts  dynamic motnentum to static prerrure.  

HYSTERESIS (or HYSTERESIS ERROR)--The maximum difference 
between the reading8 of a renror  for a fixed value of the measured 
rtimulur taken whoa the rtimulur ir increaring and when i t  i r  de- 
crowing. Hyrtererir  e r r o r  ir urudly  exprerred in percent of 
full o d e .  

IMPULSE-The product of the force from the blart wave and the time 
during which it ac t r  a t  a givea point. It ir computed ar the time 
integral of the variation of force at a given point, the iategraqon 
be- performed from the time ad rhock arrival to the ead d the 
pori t iw phase. It ir generally corrveniant to u re  the concept. of 
o w r p r e r r u r e  impulre and dynamic prer rure  impulre, 

INACTIVE LEG--An J e c t r i c d  elemant within a r sa ro r  which doer 
not c h n g e  itr electrical characterirt icr ar a functioa of the forc- 
b g  haetion. Specifically applied to demunk which are employed 
t o  complrte a lhmtrtaae bridge. 

INCIDENT PRESS-Preraure mearured ride-on to the advrrsc- 
iag rhock wave. 

INWCED SXOCK WAVE-The rhock m v e  trmrmitted into a medium 
wban 8 rhock wave travakrg k, m e  medium meet8 the iaterf8ce 
betweem the hRO modl8. 



IM'WTE RESmUTION-The ability of a a o r o r  to prosid. a pkplerr. 
coatkruour output over the entire merrured raage. 

KILOBAR- A unit of prerrure, 1 kilobar = 987 atmorpheter = ,14,509 
pri. 

L-Y- n e  r sb t i a rb ip  existing between two quntitidr 'much 
that the change in one quantity ir exactly and directly propdrtiond 
to the cburge in the other quantity. The quantitier and nmg.8. in- 
volved murt be clearly rpecified. 

LOCAL STATIC PRESSURE-See INCIDENT PRESSURE. . 

MACH STEM- The shock front formed by the furion of the incident 
and reflected rhockr from m explorion. 

NATURAL FREQUENCY- The freq&cisr d free orcilktiaaar in an 
undamped body. 

NEGATIVE PHASE-Tht portion of the blast wave in which prerrurer 
a r e  below ambient atmorpheric prerrure. 

lYON-LINEAIUTY-The muimum deviatian between a rttright. line 
joiaiag the sero aad full-rcde plotted output poiatr of a renror. 
It ir trnrdly exprerred in percent of f u l l  rcde. 

OOn*oT-TI\. rigad from a ryrtem or device which G a f&ctim of 
applifl'rtimulur or eignal. 

0 V E R P R E S ~ ~ r e r r u r e  above ambient prsrmare, uruJII  mum- 
urad in pound# per rquue iach (pri). 

PEM, AMPW~&DE--T~~ mrrimam dovi.tta d r momraoa from . 
ito 81nrya, or mean, poritioa. 

PITCH-Doviatian d tho diroctiolr d flow from a pltdlol to th mr- 
facr. Upward ir cmridorod poritive. 



POSITIVE PRESSURE- See DYNAMIC PRESSURE. 

PRECURSOR- A prer aura which precede8 the main blart wave. 

poi- See OVERPRESSURE, 

pda-See ABSOLUTE PRESSURE. 

prig- See GAGE PRESSURE. 

W E L A  statement of the quantitative limit.: of a physical ryrtem. 

REACTIVE BALANCE- The capacitive or  inductive balance which i r  
often required to null the output of certain remora o r  ryrtemr 
when the excitation and/or the output are given in termr of alter- 
nating current.. 

RAREFACTION WAVE-The wave which rerultr a t  a rhock wave en- 
counterr an interface of a lees dentre medium and impart8 rome 
of the rhock energy into that rnediurn. See TENSILE WAVE. 

REFIrECTED PRESSURE- The totall p re rmre  which rerultr inrtanta- 
nmurly a t  an interface when a shock w&,ve traveling in one med- 
ium rtriker mother medium. 

REFLECTED SHOCK WAVE-. R e  wave propagating back into the 
tran8partiPg medium that 'rerultr when a shock wave .trike# an 
intertaco betweea two media, 

REFLECTION FACTOR- .'he ratio of the total, reflected p re rmre  
to the iacidrnt prerrure w1l.n a rhock wave travehg in one m&d- 
ium rtriker mather. 

-TY-A morrurc? d the prob8bility that 8 8yrt.m o r  Uevife 
rill coatiavo to perform wi- opecifiwl limik d ' o r r o r  for  
rpecifbd lea* of time under rpocifird coaditiaar. 

REPEATABILITY-Tbm abiUv d 8 q r b m  to  ?.).at 8 mururJarriat 
of 8 fixed rtimulur to  a opecifiod accuracy. 

RESOeUTION-Tho rmjl.rt c-e in applied forcing function t h t  
will produce r do&ocW~le cbuyo in tho tartirrmat met. W b  
u n o  tho dograe to which r& incremrnta od r forcing fuactlorr 
cur LE d iac r idn8kd  ia k r m r  d iartrumont outprt. 



RESPONSE (SENSOR)"-A quantitative s x p r e u i ~ l  of the'wtpat ,of a 
transducer a s  a function of the input, under conditions which must 
br a-xplicitly at+tpd. 

RESPONSE (TARGET)-- The action of an object under condition. of 
shock loading. 

RESPONSE TIME-Tht time required for the output of a senror to 
reach a stated value (usually 95 percent) ,of the full- rcale output 
when rubjected to a rtep function input under conditionr of critical 
damping, For  a orcillatory output the time ir computed f ram 
the beginning of the initial variation to the f i r r t  oscillation peak. 

RINGING-The oecillatory behavior of an object in reoponre to a rap- 
idly applied load. 

RINGING FREQUENCY - The frequency of oscillation of the rensor 
in reaponre to a transient forcing function. The rinsing frequency 
i q  a function of the mass and the spring cgslrtiSnt of the crystem. 

RISE Ta(E--Time inter"a1 fro& the shock arrival to the peak over- 
pr-rure. (For inrtrumeatotion, a t e  RE$PONSE TIW!L9 ! . . 

SENSOR-A device for converting one form of .gsrgy into a difiertnt 
form of energy to facilitate measurement. 

SYQCL FRONT-BOUQ& between the Wesmurr d i e t u r b u p r a d  the 
ambient environment where abrupt changer in velocity, p w r u r e  . 

and temparature occur. 

SH-. ST~*M-- Ratio of Ule peak b l u t  *am everpreerure (plua 
ambient prerrure) to the ambient prermra. 

SHOCK WAVE.r4 r tespfroot  pteoaure d i r e ( ~ ~ t h t d t y  proPI@Uing 
through a medium rr  the conrrquaaee d i. madden aplpbtoatim of 
prer rure in ,&he rqsdiurn. 

SDPE*(3N P B E S I D ~ s a e  INCIDENT PRESSURE. 

SPAN-That portion of r raage ovar which a 8.00 ir ured. 
. " , ,  . 2 

STAW&T#IN P&E88WRE..Bro -ON PIPE$WRE, * 
$ 



STATIC PRESSURE- See INCIDENT PRESSURE. 

STRESS-The force acting in a unit a r ea  of a eolid. 

STRAIN-The debormad~n of a eoUd resulting from a stress ,  meas- 
ured by the ratio of the change to the total value of the dimension 
in which the change occurred. 

TEMPERATURE RANGE- That range over which the temperature 
specification$ of the gage a r e  met. 

Temperature Maximum Range- The abrolute range without dam- 
age to  the senror. 

Temperature O u t p ~ t  Sensitivity Drift- The change of eeneor eenei- 
tivity, expressed a s  a percent of full-scale output per unit of input, 
due to a change in temperature over a given range. 

Temperature Zero Drift-The change in output due to temperature 
change with no forcing function applied. Expressed as a percent 
of full-scale output per  degree temperature change from 70°F. 

TENSILE WAVE-The wave reflected back into a med iu r~  'at the inter- 
f*ce of a less  denre medium. See RAREFACTION WAVE. 

TOTAL PRESSURE-See HEAD-ON PRESSURE. 

THRE8HOLD OF SENSITIVITY -- The emlrlles't change in forclng -func- 
tion that will reeult in a detectable change in renror  output. 

TRANSVERSE SENSITIVITY-The ratio of change in renror  output to 
an  incremental change ia a given 8tirnulur along my oxir perpea- 
dicular to the senritive .Ids. In accelerometerr, it refmtr to the 
change in the raaoog output at se ro  acceleration 8nd at rome other 
acceleration value applied dong a plane perpeadicuhr t o  thm #On- 
riUve d r .  

TRANSDUCER- See SENSOR. 

aero and the gage. 

ZERO U ~ A L A N C E -  l h e  outp*t of 8 menaoq yb.p s ~ ' f ~ r c @ g . ~ c ~  
ir oppl4.d. $spremred @ t e ~ m r  d pa)cent oi fdll rcde qrrtpt. 



APPENDIX 0 

THE NUCLUR BLAST ENVIRONMWT 

In order to obtain an adequate a d  meaningful mearurement of morne 
parameter of the shock wave. coasidesation must be given to the 
blaat-produced environment in which the measuring device ir expected 
to operate. Shoya below a r e  melected eavironmental parameterr (ob- 
tained from a number of unclamsified rourcem) for nuclear detautioqr. 
Due to the uncertainty of the m~aling factorm involved, the valuer 
given mumt be coalridered as approximate. A mearured value from a 
given teat may easily differ irom a factor of 2 to over an order of 
magnitude from thore l i m  ted. 
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I BURST ENVIRONMENT AN1 
MEASUREMENT . 
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Section 1 contain8 a summary of blart phenomena and include8 dercriptionr 
of rbock formation, a i r  blart, ground motioa, underwater phenomena, and 
target rerparse to rhock loading. Section 2 i r  8x1 introduction to mearuremar 
ryrtemr and dercriber the principler of the variour rcnriag elementr, gager, 
and trmrmirrion and recording syrtemr ured in b h r t  and rhock rerearch. 
Thore brief rummary racdoar are not deftDitive rourcebook prerentrtioar, 
but a r e  intended to place both the mearuremeat objectivsr m d  mearuremcurt 
method8 in rna.nin#ul order. The remaining rectiarr dircurr the edrt ing 
typor of morouriag rprtemr grouped by physical phanomena mearured. 


